L5 ) AT 0L
v,"le!M!f‘

e MAD

TAlE
AL e E Tl ATHTSPRE
ion.1 founcil of scimntific unions) CEVA L




ICSU
International Council of Scientific Unions
SCOSTEP

Scientific Committee on Solar-Terrestrial Physics
J. G. Roederer, President
W. 1. Axford, Vice President
C. H. Liu, Scientific Secretary

MAP ORGANIZATION

MIDDLE ATMOSPHERE PROGRAM STEERING COMMITTEE
S. A. Bowhill, SCOSTEP, Chairman
K. Labitzke, COSPAR, Vice Chairman
C. H. Liu, SCOSTEP, Secretary

H. S. Ahluwalia, IUPAP T. Nagata, SCAR
R. D. Bojkov, WMO R. G. Roper, IUGG/IAMAP
A. D. Danilov, COSPAR P. C. Simon, IAU
J. C. Gilie, COSPAR J. Taubenheim, [IUGG/IAGA
I. Hirota, [IUGG/IAMAP T. E. VanZandt, URSI
A. H. Manson, SCOSTEP R. A. Vincent, URSI
MAP STANDING COMMITTEES
Data Management -- G. Hartmann and I, Hirota, Co-Chairmen
Publications -- Belva Edwards, Chairman
MAP STUDY GROUPS
MSG-5 Ions and Aerosols, F. Arnold and M. P. McCormick, Co-Chairmen
MSG-8 Atmospheric Chemistry, G. Witt, Chairman
MSG-9 Measurement of Middle Atmosphere Parameters by Long Duration
Balloon Flights, J. E. Blamont, Chairman
MAP PROJECTS
Coordinator Coordinator
AMA: T. Hirasawa MAC-SINE: E. V. Thrane
ATMAP: J. M. Forbes MAE: R. A. Goldberg
DYNAMICS: K. Labitzke MASH: A. O'Neill
GLOBMET: R. G. Roper NIEO: S. Kato
GLOBUS: J. P. Pommereau OZMAP: D. F. Heath
GOSSA: M. P. McCormick SSIM: P. C. Simon
GRATMAP: D. C. Fritts SUPER CAMP: E. Kopp
MAC-EPSILON: E.V. Thrane WINE U. von Zahn

MAP REGIONAL CONSULTATIVE GROUP
Europe: M. L. Chanin, Chairman



MIDDLE

ATMOSPHERE

PROGRAM

HANDBOOK
FOR MAP

Volume 31

Reference Models of Trace Species

for the

COSPAR International Reference Atmosphere
(Draft)

Edited by

G. M. Keating
December 1989

Published for the ICSU Scientific Committee on Solar-Terrestrial
Physics (SCOSTEP) with financial assistance from the National
Acronautics and Space Administration under the 1988 Middle
Atmosphere Program Management Contract and Unesco Subvention
1988-1989.

Copies available from SCOSTEP Secretariat, University of Illinois,
1406 W. Green Street, Urbana, Illinois 61801.






iid

PREFACE

Included in the new COSPAR International Reference Atmosphere, Volume 2 (CIRA)
(to be published by Pergamon Press) are reference models of ozone up to altitudes of 90 km.
These ozone models, of spatial and temporal variations, are based on five recent satellite
experiments. Previously, the CIRA atmospheres below 100 km had been limited to

representations of the atmospheric structure and its variations without regard to trace species.

Interest in developing additional reference models of trace species has stemmed partially
from two COSPAR workshops in recent years: one held in July 1986 at Toulouse, France,
entitled "Proposed Reference Models of Trace Constituents of the Middle Atmosphere (Adv. Space
Res., 7, #9, Pergamon Press, Oxford, 1987) and the other held in July 1988 at Espoo, Finland,
entitled "Reference Models of the Middle Atmosphere and Lower Thermosphere and Recent Data”
(Adv. Space Res., 10, #6, Pergamon Press, Oxford, 1990). The first workshop was cosponsored
by IAGA, IAMAP, and SCOSTEP and the second by IAGA, IAMAP, SCOSTEP, and URSL
The primary purpose of these workshops was to produce a set of preliminary reference
atmospheres of significant trace species which play important roles in controlling the chemistry,
radiation budget, and circulation patterns of the atmosphere. These models of trace species
distributions are considered to be reference models rather than standard models and thus it was not
crucial that they be correct in an absolute sense. These reference models can serve as a means of
comparison between individual observations, as a first guess in inversion algorithms, and as an
approximate representation of observations for comparison to theoretical calculations.

On 18 July 1988 the Middle Atmosphere Program (MAP) Steering Committee met in
Espoo, Finland, and invited COSPAR to compile a preliminary draft of these reference
atmospheres of trace species for publication in a MAP Handbook for early distribution to the
scientific community. After publication in the MAP Handbook, an improved draft will be
submitted to COSPAR as a proposed addition to the COSPAR International Reference Atmosphere
(CIRA).

Proposed reference models are provided here for ozone (Chapters 1 and 2) H;O
(Chapter 3), CHy and N,O (Chapters 4 and 5), HNOj (Chapter 6), CO; and halogenated
hydrocarbons (Chapter 7), background aerosols (Chapter g), thermospheric NO (Chapter 10) and
atomic oxygen (Chapter 11). Two chapters are devoted to comparisons between observed and
calculated distributions of trace species in the middle atmosphere (Chapter 9) and in the lower
thermosphere (Chapter 12). Chapter 1 gives the ozone reference model which is included in the
new CIRA (to be published by Pergamon Press). Chapters 2, 3, 5, 10 and 12 are reproduced
from Adv. Space Res., 10, and Chapters 4, 7, 8 and 9 are reproduced from Adv. Space Res. 7,
with permission from the publishers, Pergamon Press, and the copyright holder, COSPAR.
Chapters 6 and 11 are new contributions.

As may be noted, these models, which give spatial and temporal variations of trace
species, are based principally on satellite data from the late 1970s and early 1980s. As more
satellite, ground based and rocket and balloon data of good accuracy become available and are
archived, the present models may be improved and models of additional species may be generated.

G. M. Keating, Editor
NASA Langley Research Center
Hampton, VA 23665 USA
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OZONE REFERENCE MODELS FOR THE MIDDLE ATMOSPHERE (NEW CIRA)

G. M. Keating!, M. C. Pius2, and D. F. Young3

1 Atmospheric Sciences Division, NASA Langley Research Center, Hampton, VA 23665
25T Systems Corporation (STX), Hampton, VA 23666
3Kentron Corporation, Hampton, VA 23666

1 INTRODUCTION

Over the last 50 years, a number of measurements of ozone in the middle atmosphere have been
obtained from the ground and from balloons, rockets, and satellites. Numerous models have
been developed to summarize varlous portions of these measurements since detalled knowledge
of the global distribution of ozone s important for studles of atmospheric circulation,
dynamic processes, and the radlation balance and the photochemistry of the atmosphere. From
the ground-based ozone network, the latitudinal-seasonal variations of total column ozone
were summarized by Dutsch [1) and the longitudinal variatlons were included in a series of
wmonthly atlases for the perjod 1957 to 1967 by London et al. [2]. Measurements of vertical
structure obtained from balloonsondes and rocket data at midlatitudes in the Northern
Hemisphere were summarized in a 45" annual model generated by A. Krueger and R. Minzner
conteined in the United States Standard Atmosphere Supplements, 1876 [3]. Bojkov [4]
generated models of ozone vertical structure related to total column ozone amount based on
Dobson data and early Umkehr measurements. Models relating the vertical structure of ozone to
total ozone based on approximately 7000 balloonsondes and a number of rocketsondes were
generated by Hilsenrath et al. [5] as a “first guess” for the Nimbus 4 Backscattered
Ultraviolet (BUV) ozone experiment retrievals of total ozone and vertical structure and for
the early Nimbus 7 SBUV/TOMS total ozone retrievals. Similar models based on essentially the
same data base were generated by Mateer et al. [6] as a "first guess” for inversion of
“short® Umkehr obser-vations to determine vertical structure of ozone from the ground. The
22 vertical profiles In [6] were given as a function of latitude (low, mid and high) and
total column ozone, but not season. Inconsistencies between rocket and balloon data were
handled differently by Mateer et al. [B8] than by Hilsenrath et al. [S]. Bhartia et al. [7]
nave developed similar models using both ozonesonde and satellite data. Klenk et al. {8]
developed a model of ozone vertical structure based on Nimbus 4 BUV data at pressures less
than 15.6 mb and on balloon data at lower altitudes. This model was used as a “first guess”
for vertical structure retrlevals from the Nimbus 7 Solar Backscattered Ultraviolet (SBUV)
ozone expc: imenz. The wous: CGasisicd of a s.fplé paraweiric repcesentation of the annual
and latitudinal variations of ozone as a function of pressure and assumed symmetry between
the Northern and Southern Hemispheres. Also included in this model is the ozone covariance
matrix which describes the variance of ozone in individual atmospheric layers and the
covariances between adjacent layers. An ozone covariance matrix is also included 1in the
models of Mateer et al. [6). Dutsch [{9] comptled data on the vertical ozone distribution
using chemical-type balloon soundings and early BUV results. A tabulation of monthly Nimbus
7 SBUV ozone profliles for the period November 1978 through October 1979 is provided by
McPeters et al. [10} in 10° latitude increments from 0.17 mb to the surface. Results are
given in terms of column density and its standard deviatlion, volume mixing ratio and number
density. Heath et al. [11] have generated a set of atlases of total ozone for the period
April 1970 - December 1976 based on Nimbus 4 BUV data. Bowman and Krueger [12) have provided
a climatology of total ozone from Nimbus 7 TOMS measurements. Tolson [13) has generated a
ninth-order, ninth-degree spherical harmonic model to represent the monthly mean total
colum-nar ozone field over the 7-year perlod of the Nimbus 4 BUV data set. Annual and
semiannual components are determined for both latitudinal and longitudinal variations, and



the biennial and longer term variations are determined as a function of latitude.

Hasebe [14] has modeled the latitudinal and longitudinal variations in the total columnar
ozone fleld over the 7-year period of the Nimbus 4 BUV data set using filtering techniques.
Global mean total column ozone and 1ts annual, semiannual, quasibiennial and longer term
components have been determined through spherical harmonic analysis [13,15].

Data on total ozone and its vertical structure have been obtained from a number of satellite
experiments. Shown in Table 1 (Krueger et al. [18]) is a tabulatlon of most satellite ozone
experiments through 1978. Included are solar and stellar occultation, solar backscatter
ultraviolet, and infrared types. Since then, other satellites have been launched with ozone
measurement capabllity including Applications Explorer 2 [17), Dynamics Explorer 1 [18,19],
Solar Mesosphere Explorer [20), EXOS-C (21]) and instruments aboard the NOAA series of
satellites (TOVS and SBUV 2) {22,23) and ERBS (SAGE 1I) [24]).

With the wealth of recent satellite data allowing high precision determination of ozone
variations with pressure, latitude, and time, it was decided to generate models of ozone
vertical structure based not Just on one satellite experiment, but on multiple data sets from
satellites. This is the first time such models have been generated [25- 28). The very good
abgsolute accuracy of the individual data sets allowed the data to be directly combined to
generate these models. The data used for generation of these models are from some of the
most recent satellite measurements over the period 1878-1883. A discusslon is provided of
validation and error analyses of these data sets. Also, inconsistenclies in data sets brought
about by temporal variations or other factors are indicated. The models cover the pressure
range from 20 to 0.003 mb (25 to 80 km). The models for pressures less than 0.5 mb represent
only the day side and are only provisional since there was limited longitudinal coverage at
these levels. The models start near 25 km In accord with previous CIRA models. Models are
also provided of ozone mixing ratio as a function of height using the conversion from
pressure to height given by Barnett and Corney (29]. The monthly standard deviation and
interannual variations relative to zonal means are also provided.

In addition to the models of monthly latitudinal variations in vertical structure based on
satellite measurements, monthly models of total column ozone and its charactertistic
variabllity as a function of latitude based on 4 years of Nimbus 7 measurements, models of
the relation between vertical structure and total column ozone {6], and a midlatitude annual
mean model similar to {3] are incorporated In this set of ozone reference atmospheres.
Various systematic variations are discussed including the annual, semiannual, quasiblennial
osciliations, diurnal variations, longitudinal variations, and response to solar activity
variations.

Considering the good agreement among satellite data sets from 1978-1982 (generally within 10%
of the interim reference models below 0.5 mb) it {s expected that the present tables will be
useful for many applications.

2. SATELLITE DATA FOR REFERENCE MODELS

The reference models provided here of monthly latitudinal variatlions of vertical structure
are based on ozone data from five satelllite experiments {see Table 2): Nimbus 7 Solar
Backscatter Ultraviolet (SBUV), Nimbus 7 Limb Infrared Monitor of the Stratosphere (LIMS),
Applications Explorer Mission-2 Stratospheric Aerosol and Gas Experiment (SAGE), Solar
Mesosphere Explorer UV Spectrometer (SME-UVS), and Solar Mesosphere Explorer 1.27 um Alrglow
(SME-IR). Other ozone data sets are included to define the nature of systematic varlations
other than the latitudinal-seasonal variation.

The nadir-viewing SBUV experiment determines the vertical structure of ozone from absorptlion
of solar ultraviolet backscattered radiation between 250 and 340 nm. The resolution of the
ozone measurements is about B km in the vertical. For these studies, the first 4 years of
SBUV data were employed (November 1978 - September 1882) using dally zonal averages every 10°
in latitude over the illuminated portlon of the earth from 20 mb to 0.5 mb. Data
contaminated by volcanic emissions after October 1980 (including El Chichon) have been
removed [30].

Validation studies have been performed on the SBUV data employing balloon, rocket, and
ground-based Umkehr measurements [31]. The precision of the SBUV measurements was found to be
better than BX for pressures between 1 and 64 mb. Constant blases of generally less than 10%
between the SBUV results and the balloon and Umkehr results may be largely due to errors In
ozone absorption cross-sections assumed earller. Ozone absorption cross sectlons



TABLE 1

Satellite experiments to measure ozone [16]

Type Satellite Wavelengths Latitude Comments References
Coverage
nm
Occulta- Echo 1 590,528.5 17°N Dec. 13860 Venkateswaran et al.[106]
tion USAF 1862 260 33°5-13°S July 1962 Rawcliffe et al. [107]
Solar Artel 2 200-400 50°S-S0°N Apr.,May, Miller and Stewart [108]
Aug. 1864
AE-5S 255.5 5°N Dec. 1976 Guenther et al. [109)
Stellar OAC-2 250 16°S5-43°N Jan. 1970 Hays and Roble [110]
Aug. 1971
0AO-3 258-343 12°S-3"N July 1975 Riegler et al. [111])
Back-~ USAF 1865 284 60°S-60°N Feb.,Mar. Rawcliffe and
scatter 1865 Elllott [112}
uv USSR 225-307 60°S~60°N Apr. 1865 lozenas et al. (113}
Profile 250-330 60°S-60°N June 1966 Iozenas et al. (113)
1966-111B 175-310 80°S-BO"N 1966 Elliott et al. [114)
0GO-4 110-340 B80*S-80°N Sep. 1967- Anderson et al. (115]
Jan. 1968
Nimbus 4 255.5-305. 8 BO*S-80°N Apr.1970- Heath et al. [54]
b.u.v. Jul. 1977
AE-5 255.5-305.8 20°S-20°N Nov. 1975- Frederick et al. {116}
b.u.v. Apr. 1977
Nimbus 7 255.5-305.8 80°S-80°N Nov. 1878 Heath et al. [117]
s.b.u.v.
Total Nimbus 4 312.5-339.8 80°S-80°N Apr. 1970- Mateer et al. [118]
b.u.v.
AE-S 312.5-339.8 20*S-20°N Nov. 1974~
b.u.v. Jul. 1977
Nimbus 7 312.5-339.8 global Nov. 1978 Heath et al. {117]
t.o.m.s.
pm
Infrared Nimbus B 9.8 B5°S-90°N Jun, 1975~ Gllle et al. [S5]
Emission l.r.i.r. Jan. 1976
Profile Nimbus 7 9.8 65*S-90°N Oct. 1978- Nimbus ProJect [119,120]
l.1.n.5 May 1979
Total Nimbus 3 9-10 spec- 80°S-BO*N Hanel et al. [121)
i1.r.1.s. tral scan
Nimbus 4 9-10 spec- 80°*S-80"N Apr. 1970 Prabhakara et al. [58]
i.r.i.s. tral scan Jan. 1971
Block S global Mar. 1877 Lovill et al. [122]
m.f.r. (4 flights)
Tiros N 9.7 global Nov. 1978

h.i.r.s




TABLE 2 Satellite data used for interim reference ozone models

Instrument Incorporated Incorporated

Pressure Range Time Interval
Nimbus 7 LIMS 0.4 - 20 mb 11/78 - 05/79
Nimbus 7 SBUV 0.4 - 20 mb 11/78 - 08/82
AE-2 SAGE 4 - 20 mb 02/79 ~ 12/79
SHME UVS 0.07 - 0.5 mb 01/82 - 12/83
SME IR 0.003 - 0.5 mb 01/82 - 12/83

Nimbus 7 TOMS Total 11/78 - 08/82




incorporated recently by the International Ozone Commission of IAMAP are employed in the
inversion of the data employed in the present models (Version 5) {32-34).

The LIMS instrument, a six-channel cryogenically cooled radiometer memsured 03 and
temperature in the stratosphere and mesosphere and Hzo. HNOa, and NO2 distributions in the

stratosphere from 84°N to 64°S latlitude from October 25, 1978 to May 2B, 1979 [35,36). The
LIMS ozone channel measures emission near S.5 um with a fleld of view at the limb of less
than 3 km in the vertical and 18 km i{n the horizontal (perpendicular to the line of sight]).

Monthly zonal means of Kalman-filtered LIMS ozone values are incorporated in the model for
the period November 1878 through May 1979 from 60°S to B0°N and from 20 mb to 0.5 mb. Non
LTE effects become important above these altitudes (37). Validation studies have been
performed using balloon and rocket underflights, Umkehr soundings, and Dobson measurements
{38]). Comparison with the correlative measurements shows mean differences of less than 10% at
mid latitudes for balloon-borne sensors and less than 16% up to 0.3 mb for rocket data. The
comparison with balloon measurements near 20 mb indicate LIMS data may be high by about 8% at
low latitudes. At greater pressures there s evidence of a significant blas relative to
balloon data in this region.

The SAGE instrument ls a four-channel sun photometer which measured sclar intensity at

sunrise and sunset to derive ozone, aerosol, and NO2 concentrations. Absorption of 0.6 um

solar radiation by ozone allowed determination of the vertical structure of ozone to be
obtained up to 30 times per day from February 1879 until September 18981, After data
processing, the vertical resolution of the data was estimated to be 1 km up to approximately
40 km altitude and 5 km above 40 km. The horizontal resolution was estimated to be 200 to
300 km in the viewing direction and 200 km perpendicular to the fleld of view [38]. Monthly
latitudinal coverage depends on the time of year and solar geometry, but can extend from 78°S
to 78°N. However, on any particular day, the vertical structure is obtained at a discrete
latitude for sunrises or sunsets. Comparisons were made between balloon measurements and
SAGE profiles from 18 to 28 km, and average differences were found to be less than 10%
[17,40). Comparisons by McCormick et al. [17] with rocketsondes up to 60 km ylelded average
differences of less than 14% . An initial comparison between SAGE and SBUV in March-April
1979 indicated agreement to generally better than 15% between S and 30 mb [38]. A
comparative study between the three data sets SBUV, SAGE, and LIMS for March 1979 has been
performed by Fleig et al. [41,42]). The LIMS/SBUV comparisons are shown to be very good in the
upper stratosphere, while the SBUV/SAGE comparisons are shown to be very good ln the lower
stratosphere.

Mesospheric ozone mixing ratios are avallable from two limb- scanning experiments aboard the
Solar Mesosphere Explorer (SME) spacecraft (which was launched 6 October 1981). The flirst of
these, the SME-UVS, is a two-channel Ebert-Fastie spectrometer. The instrument measures the
Rayleigh scattering of solar photons at the earth's limb at wavelengths of 265 nm and 296.4
rre foom wi:‘zh the ozone profile is determined between 1.0 mb and 0.07 mb [43j. The fliclc of
view of the instrument is 3.5 km in the vertical by 35 km in the horizontal at the limb.
Generally zonal means are not obtained. The primary orbits were over the longitude range
from 40°W to 100°W, and the local solar time of measurement at the equator is 15 hours. An
error analysis indicates total errors should range from 6% at 48 km to 15% at 68 km (1.0 to
0.1 mb) [43,44). The data chosen for the model are over the range 0.5 mb to 0.1 mb over the
period January 1882 through December 1883.

The second SME experiment, SME-IR, is a near-infrared experiment that measures 1.27 pm
airglow from which ozone densities from 50 to 90 km are deduced. The dayglow is principally
associated with photodissociation of ozone [45]. Monthly means from this experiment agree
fairly well with the SME-UVS experiment and with Krueger and Minzner {(3]. Thomas et al. [48B]
describe the error analysis of this experiment in some detail. Random errors are estimated
to be less than 10% from 50 to 82 km, and increase to 20% at SO km. Systematic errors are
estimated to be 15% but could be as high as S0%. The data used for the model are monthly
means over the range 0.5 mb to 0.003 mb and over the period January 1982 through December
1983. The local solar time of the measurements is again about 15 hours. Latitudinal
coverage is consistent with the illuminated earth, and longitudinal coverage is principally
from 40°W to 100°W.

Reviews on mesospheric ozone are found in (47-51]. Ozone measurements made in the Aladdin
program [52] by several techniques on June 29-30, 1974, are In good agreement with SME



measurements below 70 km. Above 75 km, Aladdin ozone is a factor of 2-3 lower than SME-IR.
It is very possible that this is a real ozone variation [53].

Other satellite instruments which have obtalned measurements of the vertical structure of
ozone include the Nimbus 4 BUV experiment [54] and the Nimbus 6 Limb Radiance Inversion
Radiometer (LRIR) [55). Since the Nimbus 4 BUV experiment had problems with a serious drift
in bias, the Nimbus 7 SBUV data from 1978-82 was considered to be a better choice for the
wodel. The Nimbus 7 LIMS is generally consldered an improvement over the Nimbus 6 LRIR
experiment and was therefore chosen for the model. More recent experiments such as SBUV 2,
SAGE 11, and EX0S-C are still in the validation phase,.

The models of total column ozone given here are based on 4 years of Nimbus 7 TOMS
measurements. The TOMS instrument ls used to determine total column ozone by measuring
backscattered solar ultraviolet radiation attenuated by ozone employing a simple
monuchrometer whose lnstantaneocus fleld of view scans through the subsatellite point and
perpendicular to the orbltal plane. Backscattered and direct solar radiatlion are sampled at
six wavelengths from 312.5 nm to 380 nm. The resolution of ozone measurements is about 50 km
in the horizontal. For these studies the first 4 years of TOMS data were employed (November
1978 - September 1982) using dally zonal averages every 5° in latitude over the i{lluminated
portion of the earth. Comparisons of TOMS data with ground-based.Dobson and M-83 data have
shown a retrieved preclsion of better than 2% and biases of 6% where the TOMS measurements
have lower values than the Dobson measurements [SB].

Global measurements of total ozone from backscattered ultraviolet measurements have also been
obtained from the Nimbus 4 Backscattered Ultraviolet (BUV) and the Nimbus 7 SBUV experiments.
The TOMS experiment, however, obtains more measurements per day than the other two and does
not appear to have the serious drift problems which occurred on the Nimbus 4 BUV experiment
Infrared experiments which measure total column ozone from absorption of 9.6 um radiation
have included the Nimbus 4 Infrared Interferometer Spectrometer (IRIS), the DMSP Multiflilter
Radiometers (MFR), and the ongoing Tiros Operational Vertical Sounders (TOVS). A study of
the relative blases between a limited amount of the TOMS, MFR, TOVS and SBUV total column
ozone results was performed [57) showing excellent global average agreement between the TOMS
and MFR (3%} but not as good agreement between SBUV and MFR (5X) or between TOVS and MFR
(7%), where in each case MFR gave a lower value for total ozone. Significant latltudinal
blases relative to BUV data have been noted in the Nimbus 4 IRIS data [58,59].

3. MODELS OF TOTAL COLUMN OZONE

The monthly latitudinal models of total column ozone are based on the archived first 4 years
of data from the Nimbus 7 TOMS experiment. The total column ozone values tabulated here are
5.5% higher than the TOMS archived data to be more in accord with the improved ozone cross
sections of Bass and Paur [33) and with Dobson measurements [56]. A more detailed correction
for the future TOMS algorithm improvements is given by Fleig et al. IEOJé Shown in Figure 1
Is total column ozone in Dobson units {the Dobson unit is defined as 10 ~ meters of ozone at
C*Z and ai zttandard sea level pressure) as a function of latitude and month. Note tie nigh
values in mid and high latitudes in spring in the Northern Hemisphere and at mid latitudes in
local spring in the Southern Hemisphere. Also note the low values in September-October near
80°S. These low values reflect the recently discovered "ozone hole” In the Antarctic [61].
Much higher values of ozone were detected in the springtime Antarctic before the 1880s
[61,62]. Shown in Figure 2 ls the standard devliation in percent of individual ozone
measurements relative to the zonal mean obtained each month for a 1-year period (November
1978 - October 1979). Minimum standard deviations occur at low latltudes while the maximum
values occur near the "ozone hole." A comparison of monthly ozone values from year to year
over the 4-year period (November 1978 - September 1982) gives an approximate ldea of patterns
of interannual variabllity in total ozone. Shown in Figure 3 1s the interannual variability
expressed as standard deviation {in percent) relative to 4-year means as a function of
latitude and month. The variations are generally less than 4% (except near October, B0°S)
and are strongly related to quasiblennial variations discussed briefly in the sectlon "Other
Ozone Variations." The large variations in October, 80°S again reflect the recently
discovered antarctic ozone hole.

Shown in Table 3 is a tabulation of the latitudinal variation of total column ozone 1n Dobson
units for each month based on the dayside observations of ozone over the 4-year period. The
spaces indicate times when no TOMS measurements were avallable.
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Figure 1. Zonal mean of total column ozone (Dobson units)
as a function of latitude and month.
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zonal mean of total columnn ozone for period
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(Nimbus 7 TOMS data).
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TABLE 3.

Zonal Mean Total Column Ozone (Dobson units)

[ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
85° - - 467 467 411 3n 333 311 283 - - -
80° - - 470 485 414 371 332 308 291 - - -
15° - 433 460 462 4186 370 332 308 302 299 - -
70* - 436 458 455 415 368 334 313 308 309 314 -
65° 395 432 451 444 410 367 338 320 312 315 332 -
60° 392 428 441 431 406 372 346 327 317 317 332 358
55°* 390 426 433 421 402 375 350 330 318 317 327 353
50° 387 418 420 410 394 372 348 326 313 312 322 349
45° 376 402 401 3385 382 360 335 319 307 302 311 338
40° 354 374 377 373 363 341 321 310 300 291 297 320
35° 322 338 347 348 342 323 310 303 295 283 284 299
30° 292 303 316 325 324 311 302 298 230 280 276 281
25° 268 278 291 304 307 301 296 291 284 275 270 267
20° 254 261 271 287 291 280 289 286 279 270 263 256
15° 248 251 260 275 278 282 284 283 279 268 261 252
10° 246 246 254 267 271 275 280 281 279 267 260 251
S* 247 248 254 261 264 268 274 277 278 253 258 251
o 251 250 255 258 260 283 268 273 276 263 259 253
-5 255 254 257 258 258 -2589 262 268 272 2865 264 257
-10° 260 258 259 259 257 256 259 264 270 269 270 264
-15° 266 262 2561 260 258 258 261 266 273 217 278 272
-20° 271 265 264 263 264 264 268 274 282 287 286 279
-25° 277 270 269 271 271 273 279 288 295 301 298 287
~-30* 286 278 277 278 281 289 295 306 313 n7 311 297
-35° 295 286 284 284 291 3086 315 327 333 336 323 307
-40° 306 294 289 289 303 319 331 343 348 354 335 318
-45° 318 303 296 297 312 327 340 383 360 371 350 332
~-50° 334 313 305 3086 318 328 342 355 367 387 366 347
-55° 344 322 312 314 322 328 338 351 368 402 381 358
-60° 344 325 315 318 323 337 344 339 353 402 390 365
-65° 338 324 317 319 322 - 340 325 324 374 388 366
-70° 331 317 32 313 - - - 307 291 333 376 364
-75°* 324 306 305 an2’ - - - 294 257 297 357 358
-850 320 239 299 - - - - - 253 274 346 356
-85° 3186 294 295 - - - - - 230 259 341 353




4. MODELS QF VERTICAL STRUCTURE OF OZONE

As described in section 2 the vertical structure models of monthly latitudinal variations
are based on the SBUV, LIMS, SAGE, SME-UVS, and SME-IR data tabulated in Table 2. The 4-year
mean of the SBUV data was given a welght of 2 due to the combination of extensive temporal
and spatial coverage, while the other shorter data sets were each given a weight of 1.

Although there is interannual variability, comparison of the SBUY data over the 4-year period
of measurements shows a remarkable similarity of structure from year to year. For example,
shown in Figure 4 is the vertical structure at 0°, 20°N, 40°N and 50°N for November of 1978,
1979, 1980 and 1981. Note how the 0° and 20°N profiles come together near 4 mb. The BO°N
profile changes in each case from the lowest profile at 4 mb to the highest at 1.5 mb.

Shown in Figure 5 is the interannual variabllity of zonal mean ozone expressed as standard
deviation (in percent) relative to the mean of 4 years of SBUV data as a function of pressure
and latitude for the months of November and July. As indicated in the previous figure, the
interannual variablility of zonal means in November is very low, generally less than 4%. In
contrast, the month of July gave the largest variabllity over this 4-year period with the
maximum varlability occurring at high winter latltudes. The interannual variablility appears
to be strongly related to quasibiennial oscillations.

Figure 6 shows the mverage stendard deviation (in percent) ‘of the individual data points
raking up the monthly zonal means based on the 4 years of SBUV data. The standard deviatlions
are shown as a function of latitude and pressure and appear considerably different from the
interannual variability displayed In Figure S. Minimum standard deviations occur near the
equator and in the summer hemisphere. Standard deviations can exceed 15% at high latitudes
and result from substantial longitudinal variatlons in ozone as well as changes In the zonal
means during the month. The patterns for individual years look very similar to these 4-year
mean patterns.

In Figure 7 is shown an example of the agreement between the five data sets used to generate
models of the ozone vertical structure from 20 mb to 0.003 mb (25 to S0 km). Note that the
nixing ratio is displayed on a log scale to allow accurate representation of the two orders
of magnitude variation over this altitude range. It should be recognized that each data set
represents entirely different technliques of measuring the vertlical structure of ozone. The
agreement shown here 1s fairly representative. Generally the SBUV ozone values redetermined
with the improved ozone cross section (Version 5) give better agreement with the LIMS and
SAGE data sets than the earlier versions.

Table 4 gives the monthly zonal mean ozone volume mixing ratios (ppmv) as a function of
pressure and latitude. The standard type face indicates only one data type was used to
determine the average. Italicsindicate that the percent standard deviation from the model of
weighted data types exceeded 10 percent. An under)!ned entry indicates standard deviations
from the model of less than 10 percent. The dashed entry indicates ~ona'® rmeans were rot
available at that latitude and pressure. As may be noted, in most cases at altitudes below
0.5 mb the standard deviation from the model of weighted data types was less than 10 percent
Considering the difference in techniques, this is noteworthy. Owing to the lack of
longitudinal coverage for the data types used above 0.5 mb and the somewhat larger
differences between data types, the {dayside) model above 0.5 mb should be consldered only
provisional. Nightside mesospheric ozone concentrations are generally much higher than
dayside values [51]). Shown in Figure 8 are the ozone distributions given i{n Table 4 for the
equlnox and solstice months.

Comparison of entries in Table 4 shows the nature of the annual and semiannual variations of
ozone in the middle atmosphere. The amplitudes of annual varlatlons are generally highest at
high latitudes, and amplitudes are especially high near 15-S§ mb, 2.0-0.5 mb, and above 0.03
mb. Amplitudes are high at low and mid latitudes near 0.1 mb. There is a sharp change of
phase near 4 mb with maximum ozone values In summer below this altitude and maximum values in
winter in the upper stratosphere. Figure 9 shows the ozone annual varlation in percent of
annual mean at 50°S and SO°N over the entire range of altitudes. Notice the asymmetry
between the two hemispheres. A substantial semiannual variation occurs near the equator from
15 - 3 mb, but the largest semiannual variation occurs at mid and high latitudes above 0.03
mb (63]. and at high latitudes near 1 mb. Figure 10 shows the ozone semlannual variation in
percent of the annual mean at 30°S and 30°N for the entire range of altitudes. The annual
and semiannual components were solved for simultaneously . Note the symmetry in the low
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TABLE 4. Zonal Mean Ozone Mixing Ratlos (ppmv) as Function of Pressure
(standard typeface: only 1 data set used in average,
itallcs: standard deviation of data types > 10% ,
underlined: standard deviation < 10% )

average ozone {ppmv) for January

latitude
p (mb) -80* -70* -BO0° -50* -40° -30°* -20° -10° ©° 10* 20° 30° 40° S0° BO* 70° 80"

. 003 ss .72 .80 .78 .70 .B3 .S7 .53 .83 .82 .52 .66 .81 .84 .83 - -
. 005 26 .35 .45 .51 .49 .46 .43 .42 .41 .38 .35 .42 .50 .52 .SO - -
. 007 18 .21 .28 .35 .38 .38 .37 .38 .38 .37 .32 .30 .31 .30 .27 - -
.010 15 .15 .18 .22 .24 .26 .29 .31 .33 .34 .32 .28 .23 .19 .14 - -
.015 16 .15 .15 .18 .15 .16 .18 .20 .21 .23 .27 .28 .26 .23 .17 - -
.020 17 .16 .15 .14 .14 .13 .14 .16 .16 .17 .21 .25 .27 .28 .24 - -
.030 .21 .19 .18 .17 .15 .14 .15 .15 .15 .16 .17 .19 .24 .32 .37 - -
.0S0 31 .28 .26 .25 .24 .22 .22 .22 .23 .23 .24 .27 .30 .37 .47 - -
.070 41 .38 .37 .36 .34 .32 .31 .32 .32 .32 .34 .41 .46 .49 .53 - -
. 100 .54 .53 .52 .49 .48 .48 .49 .49 .47 .46 .48 .53 .69 .68 .67 - -

150 .76 .74 .73 .73 .74 .76 _1& .71 .68 .68 .69 .75 .79 1.01 .83 - -
200 .83 .90 .8z .92 .96 .98 .96 .92 .83 .89 .92 .99 1.04 1.28 1.1 - -
300 113 1,17 1.21 1.25 1.32 1.37 1.35 1.30 1.27 1.27 1.33 1.42 1.48 1.77 - - -
500 141 150 1.62 1.75 1.86 1.93 1.91 1.85 1.83 1.84 1.88 1.99 2.16 2.26 2.07 1.91 1.79
700 166 1.80 1.97 2.14 2,28 2.36 2.35 2,30 2.29 2.29 2.31 2.45 2.71 2.80 2.70 2.36 2.22

1000 2.15 2.28 2.46 2.63 2.82 2.97 3.03 3.03 3.04 3.05 3.10 3.33 3.67 3.75 3.55 3.04 2.89

1800 2.99 3.07 3.26 3.47 3.67 3.92 4.10 4.19 4.23 4.28 £.42 4.74 5.05 5.04 4.65 3.98 3.75

2 000 3.92 3.97 4.17 4,38 4,66 4.95 5.20 5.35 5.40 5.45 5.60 5.87 5.03 5.88 5.33 4.65 4.34

3000 5.45 5.48 5.77 6.13 6.48 5.82 7.13 7.34 7.35 7.31 7.27 7.21 7.04 §.65 5.96 5.34 5.06

5. 000 5.93 6.26 6.95 7.53 8.20 8.66 9.07 8.36 9.14 8,79 8.3) 7.79 7.29 5.67 6.14 5.55 5.38

2 000 5.49 5.94 5.94 7.82 8.54 9.08 9.56 9.96 9.68 9.16 8.35 7.60 6.99 6.34 §.02 5.37 S.27

10 000 4.62 5.14 6.32 7.30 8.10 8.66 9.15 9.71 9.62 9.03 7.96 7.11 6.52 5.98 5.83 5.01 4.91

15000 3.86 4.35 5.52 6.41 7.08 7.45 7.78 8.15 8.09 7.65 5.92 6.41 6.10 5.78 5.52 4.62 4.45

20.000 3.52 3.95 4.99 5.68 6.10 6.25 5.06 6.42 6.27 6.12 5.91 5.84 5.82 5.67 5.19 4.34 4. 14

average ozone (ppmv) for February

latitude
p (mb) -80°* -70° -BO* -50° -40° -30° -20° -10° O0°° 10° 20° 30° 40° 50* 60° 70° 80°

. 003 43 .55 .64 .84 .60 .57 .BO .BS .73 .70 .85 .83 .68 .73 .75 .77 -
.0QS 21 .28 .37 .33 .38 .39 .44 .47 .47 .47 .44 .42 .42 .43 .41 .37 -

‘007 .14 .18 .2a .28 .30 .35 .41 .42 .42 .42 .39 .33 .30 .27 .23 .18 -
‘010 .13 .14 .16 .20 .23 .29 .35 .35 .36 .38 .38 .33 .27 .22 .17 .12 -
‘015 .14 .13 .14 .14 .16 .18 .2t .22 .24 286 30 .32 .21 .28 .24 .20 -
‘020 .15 .15 .14 .14 .13 .14 .15 .16 .17 .18 .21 .26 .30 .31 .30 .27 -
‘030 .20 .19 .18 .17 .15 .15 .15 .16 .16 .16 .17 .18 .23 .28 .35 .38 -
‘050 .30 .28 .28 .26 .24 .24 .23 .23 .23 .24 .25 .27 .29 .32 .39 .46 -
‘070 .40 .40 .40 .38 .36 .34 .33 .32 .32 .32 .35 .40 .43 .45 .48 .52 -
100 .55 .54 .53 .52 .50 .S0 .50 .50 .48 .46 .48 .52 .53 .64 .B3 .64 -
150 .76 .75 .75 .77 .78 .77 .15 .73 .71 .10 .70 .71 .72 .75 .74 .85 -
200 .92 .92 .94 .97 1.01 1.0l .88 .8a .92 .81 .93 .94 .95 .95 .93 1.04 -
'500 120 122 1.26 1.31 1.39 1,41 1.36 1.30 1.29 1,30 1.34 1,37 1.37 1.35 1.32 1.50 -
500 159 163 1.73 1.83 1,93 1.86 1.91 1.83 1.82 1,85 1.88 1,94 2,02 2.14 2.22 2.25 2.18
'700 200 2.01 212 2.25 2.97 2.42 2.34 2.24 2.22 2.25 2.29 2.40 2.60 2.86 2.98 2.95 2.60

1000 2.73 2.68 2.73 2.86 3.00 3,09 3.03 2.90 2.86 2.91 3.02 3.24 3.58 3.93 4.00 3.80 3.22
1500 3.81 3.71 3.71 3.81 3.98 4.11 4.10 3.95 3.87 3.98 4.20 4.58 5.10 5.38 5.22 4.79 4.11
2000 4.65 4.61 4.68 4.80 4.98 5.15 5.17 5.06 4.99 5.0 5.30 5.73 5.24 6.29 5.92 5.41 4.82
5 000 5.50 5.84 5.16 5.42 6.68 6.91 7.03 7.08 7.05 7.04 7.09 7.37 7.45 7.04 6.47 6.07.5 69
5 000 5.52 6.28 7 10 7.58 8.05 8.60 9.02 9.37 9.23 8.99 B.76 8.39 7.73 7.00 6.43 6.42 6.30
2000 4.84 5.78 6.90 7.56 8.21 9.00 9.6010.2010.10 9.68 9.08 8.20 7.32 6.72 6.31 6.46 6.31

10,000 3.98 4.84 .12 7.02 7.85 8,63 9.3310.0310.10 9.59 8.73 7.52 6.68 6.37 6.15 6.42 .07

15,000 3.38 4.08 5.27 5.07 6.82 7,46 7.95 B.37 8.38 7.97 7.37 6.63 6,15 6.03 6.01 £.06 5.72

20,000 3.22 3.78 4.76 5.34 5.89 6.21 6.40 6.50 6.39 5.22 5.12 5.94 5.82 5.82 5.80 3.54 5 30
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TABLE 4 - continued

average ozone (ppmv) for March

latitude

p (mb) -80* -70°* -60* -50°* -40° -30°* -20° -10" O° 10° 20° 30° 40° S0° €0° 70° B0O°
. 003 .37 .58 .66 .68 .74 .82 .81 .74 .69 .71 .76 .77 .68 .S58 .57 .60 .61
.00S .21 .28 .31 .38 .48 .53 .52 .47 .44 .46 .49 .48 .42 .35 .33 .31 .27
.007 .15 .21 .24 .30 .38 .43 .43 .41 .40 .41 .42 .41 .38 .30 .26 .22 .16
.010 .12 18 .22 .26 .33 .38 .37 .34 .33 .34 .37 .39 .38 .34 .28 .22 .15
.015 .12 15 16 .20 .24 .25 .23 .21 .20 .22 .26 .32 .38 .39 .36 .31 .23
.020 .15 1S 14 .15 .17 18 .16 .15 .16 .16 .19 .24 .33 .38 .39 .37 .31
.030 .20 18 .17 .18 .14 .15 .17 .17 .17 .17 .17 .18 .23 .29 .37 .43 .41

. 050 .30 3 .29 .27 .25 .25 .25 .24 .23 .24 .25 .27 .28 .30 .37 .46 .48
.o70 .40 .40 .41 .40 .38 .35 .34 .33 .31 .32 .36 .39 .41 .43 .46 .50 .52
100 .55 .54 .53 .53 .51 .50 .51 .50 .48 .47 .48 .49 .52 .54 .55 .58 .61
.1s0 .79 .77 .77 .78 .77 .75 .75 .74 .13 .72 .71 .72 .74 .74 .73 .74 .75
.200 .83 .97 .98 1.00 .99 .97 .96 .96 .95 .94 .93 .92 .95 .94 .91 .91 .93
L300 1.33 1.35 1.36 1.38 1.39 1.37 1.34 1.33 1.34 1.33 1.32 1.32 1.33 1.32 1.28 1.29 1.35
.500 1.97 1.96 1.82 1.83 1.95 1.83 1.89 1.88 1.89 1.90 1.92 1.94 1.94 1.96 2.02 2.12 2,27
.700 2.82 2.58 2.42 2.40 2.40 2.37 2.32 2.30 2.30 2.31 2.35 2.41 2.42 2.50 2.69 2.89 3,00
1.000 3.886 3.62 3.30 3.20 3.17 3.11 2.99 2.90 2.88 2.92 3.03 3.17 3.27 3.45 3.75 3.96 3.93
1.500 5.01 5.04 4.66 4.46 4.36 4.28 4.06 3.83 3.77 3.86 4.10 4.39 4.67 5.02 5.33 5.33 5.00
2.000 5.41 5.80 5.68 5.53 5.45 5.37 5.12 4.80 4.71 4.85 5.15 5.51 5.92 6.29 65.42 6.18 5.74
3.000 5.39 6.26 B.76 6.93 7.00 7.06 6.93 6.60 6.48 6.63 5.91 7.21 7.61 7.73 7.41 6.88 6.48
§.000 5.08 6.05 7.00 7.58 8.03 8.43 8.77 8.95 8.91 8.90 8.84 8.65 8.48 7.98 7.31 B.65 6.50
7.000 4.65 5.40 6.51 7.32 8.00 8.68 9.34 9.9410.05 9.80 9.31 8.71 B.13 7.45 6.78 6.28 6.30
10.000 4.09 4.52 5.64 6.67 7.55 8.45 9.3610.2810.5910.12 9.27 8.26 7.38 £.72 6.24 6.03 6.18
15.000 3.73 3.98 4.87 5.81 6.55 7.26 7.93 8.54 8.70 8.37 7.83 7.14 6.48 6.08 5.86 5.86 5.95
20.000 3.61 3.8BS5 4.49 5.19 5.70 6.10 6.42 6.66 6.67 6.57 6.47 6.23 5.91 5.73 5.65 S.68 5.58

average ozone {ppmv) for April
latitude

p (mb) -80* ~70* -B0" -50° -40°' -30* -20* -10° O' 10* 20°* 30°* 40° S0* 60" 70° 80
003 - - .77 .83 .82 .93 .84 .77 .76 .79 .93 1.01 .83 .59 .52 56 .B3
.00S - - .35 .43 .54 .57 .50 .44 .43 .48 .B2 .72 .61 .43 .36 38 .42

. 007 - - .24 .32 .41 .44 .41 .33 .39 .41 .49 .S6 .S1 .41 .34 .32 .30
010 - - .25 .30 .35 .35 .34 .36 .36 .36 .39 .46 .48 .45 .41 35 .26
015 - - .28 .27 .26 .22 .20 .22 .23 .22 .24 .33 .41 .44 .43 .39 .29
020 - - .28 .22 .19 .16 15 .15 .16 .16 .17 .23 .31 .35 .37 .37 .31
030 - .26 .18 .18 16 .17 .16 .17 .17 .17 .18 .21 .23 .26 .30 .33
050 - - .32 .28 .27 .26 .26 .25 .25 .28 .27 .27 .28 .29 .31 .35 .38
070 - - .42 .41 .40 .38 .37 .35 .34 .34 .37 .38 .39 .41 .43 .46 .49
10 - - .56 .57 .55 .54 .54 .53 .50 .49 .50 .49 .49 .50 .53 .55 .56
150 - - .B0 .81 .79 .79 .80 .78 .76 .75 .75 74 .73 .73 .73 .73 .73
200 - - 1.06 1.051.02 1.01 1.01 1.00 .98 .97 .96 .95 .95 .93 .91 .90 .89

. 300 - - 1.54 1.50 1.43 1.40 1.39 1.38 1.36 1.35 1.35 1.33 1.32 1.29 1.26 1.24 }.24
500 2.50 2.38 2.27 2.17 2.04 1.96 1.93 1.94 1.94 1.94 1.94 1.94 1.89 1.84 1.83 1.86 1.90
.700 3.50 3.34 2.96 2.77 2.56 2.42 2.36 2.37 2.37 2.37 2.40 2.41 2.33 2.26 2.28 2.37 2.48
1.000 4.64 4.64 4.19 3.87 3.52 3.25 3.07 2.89 2.98 3.00 3.06 3.11 3.03 2.96 3.03 3.18 3.35
1.500 5.59 6.06 5.84 5.48 5.01 4.57 4.16 3.94 3.89 3.94 4.08 4.21 4.18 4.16 4.31 4.48 4.57
2.000 5.65 6.39 5.65 6.51 6.14 S5.71 5.23 4.90 4.83 4.93 5.13 5.31 5.35 5.39 5.55 5.63 5.49
3.000 5.18 5.98 6.93 7.34 7.40 7.30 6.99 5.58 6.49 £.66 6.95 7.12 7.25 7.31 7.30 7.02 6.42
5.000 4.94 5.54 6.48 7.22 7.84 8.44 B.82 8.63 B.42 8.55 8.77 8.66 8.69 8.50 7.82 £.99 6.14
7.000 4.66 5.09 5.80 6.73 7.53 8.46 9.27 9.63 9,62 9.55 9.27 8.91 B.61 8.10 7.29 6.37 5.68
10.000 4.1B 4.50 5.23 6.08 6.95 8.07 9.2110.1610.4510.00 9.25 B.B4 7.95 7.22 6.47 5.78 5.40
15.000 3.73 4.15 4.82 5.45 6.12 7.02 7.89 8.62 8.B0 8.48 7.95 7.49 6.865 6.29 5.77 5.40 5.30
20.000 3.46 4.03 4.63 5.02 5.45 6.01 6.46 6.79 6.85 6.79 6.66 6.49 6.11 5.74 5.41 5.24 5.26
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average ozone {ppmv) for May
latitude

p (mb) -gp* -70° -B0° -50° -40°* -30° -20° -10° 0" 10° 20° 30* 40°* S0° 60° 70° 80°
.003 - - - 99 1.02 .82 .75 .65 .B3 .87 .75 .85 .84 .74 .64 .56 .48
.005 - - - s{ .57 .53 .48 .42 .41 .43 .52 .62 .63 .56 .49 .41 .33
.007 - - - 93 .39 .39 .40 .42 .43 .43 .45 .50 .51 .46 .41 .33 .25
.010 - - - 27 .30 .32 .37 .41 .42 .40 .39 .38 .38 .36 .33 .28 .21
.015 - - - .28 .22 .23 .24 .27 .26 25 .24 .25 .25 .25 .24 .21 19
.020 - - - .22 .18 .17 .17 .18 .17 17 .17 19 .19 .20 19 19 .18
.030 - - - .22 .17 .16 .16 .16 .1B 17 .18 .19 .20 .20 .18 .19 .21

. 050 - - - 30 .28 .28 .27 .26 .27 .27 .27 .27 .28 .29 .28 .29 .31
.070 - - - 41 .41 .40 .39 .38 .38 .38 .38 ,37 .38 .39 .39 .40 .43
.100 - - . .ss .s7 .s6 .57 .55 .53 .53 .53 .51 .49 .51 .53 .54 .54

. 150 - - - .8 .81 .81 .83 .81 .79 .78 .80 .78 .76 .76 .76 .75 13
.200 - - - 1,12 1.051.03 1.05 1,03 1.01 1.02 1.02 1.00 .97 .85 .94 .91 .88
.300 - - - 1.67 1.52 1.43 1.43 1.41 1.39 1.40 1.39 1.36 1.33 1.28 1.25 1.20 1.16

. 500 - 2,64 2.47 2.46 2.24 2,02 1.96 1.97 1.97 1.97 1.96 1.85 1.89 1.82 1.74 1.66 1.59
.700 -~ 3.66 3.50 3.35 2.89 2.54 2.43 2.42 2.42 2.42 2.42 2.40 2.33 2.23 2.122.04 1.97
1.000 _ 4.97 4.91 4.73 4,09 3.49 3.18 3.09 3.07 3.06 3.07 3.03 2.92 2.79 2.67 2.58 2.58
1.500 - 6.30 6.39 6.61 5.85 4.98 4.33 4.10 4.05 4.04 4.06 4.02 3.88 3.74 3.62 3.54 3.64
2.000 - 6.52 6.77 7.38 6.94 B.15 5.41 5.10 5.03 5.05 5.11 5.08 4.94 4.81 4.72 4.62 4.75
3.000 - 6.07 5.39 7.46 7.76 7.54 7.06 6.74 6.68 6.77 6.93 6.82 6.82 6.73 6.60 5.31 6.30
5. 000 - 5.79 5,73 6.78 7.57 B.15 B.39 8.31 8.27 8.57 8. 71 8.64 B.50 8.20 7.59 6.75 6.19
7.000 - 5.465.31 .21 7.12 8.03 8.77 9.12 9.18 9.27 9.20 B.S8 g8.70 8,16 7.35 6.26 5.47
10. 000 - 4.93 4.93 5.69 6.57 7.61 8.74 9.64 9.95 9.44 B.94 8.57 8.09 7.57 6.75 5.63 4.84
15.000 - 4.43 4.74 5.33 S5.95 6.72 7.60 8.28 8.55 B.39 7.91 7.59 7.10 6.57 5.92 5.06 4.43
20.000 - 4.13 4.61 5.089 5.47 5.92 6.36 6.63 6.77 6.86 6.71 5.59 .30 5.88 5.38 4.76 4.32

average ozone (ppmv) for June
latitude

p (mb) _80* -70° -60" -50° -40° -30* -20° -10° O° 10° 20° 30° 40 S0* 60 70° 807
003 - - - - g0 .78 .59 .47 .47 .54 .62 .73 .87 .94 .88 .72 .57
Q05 - - - - S0 50 .38 34 38 41 .43 .51 .63 .63 .50 .33 .32
.007 - - - - 35 .37 .34 .35 .38 .39 .36 .33 .46 .42 30 .25 .22
010 - - - - 27 .30 .30 .31 .31 30 .28 .27 .29 .26 19 18 17
.e15 - - - 21 22 .21 20 19 19 .18 17 18 .18 17 16 .16
020 - - - - 18 17 16 15 14 15 .15 .15 16 .17 .17 .17 .17
030 - - - - 18 17 17 16 16 17 .17 .17 .19 .20 .20 .20 .21

. 050 - - - - 31 30 .28 .26 .26 .26 .26 .27 .27 .28 .27 .28 a0
070 - - - - 45 45 .41 38 37 37 .38° .39 .38 .38 .38 .39 .40
100 - - - - 58 .57 .56 .51 .57 .58 .S58 .55 .52 .53 .57 .55 .SB
150 - - - - .82 .82 .83 .83 .83 .85 .88 .84 .80 .80 .BO .80 .78
200 - - - - 1.06 1.04 1.05 1.06 1.06 1.08 1.11 1.08 1.03 1.01 .99 .96 .83
300 - - - _ 1.53 1.44 1.44 1.47 1.47 1.48 1.49 1.45 1.39 1.35 1.30 1.24 1.18
500 - - 2.45 2.42 2.26 2.02 1.98 2.00 2.00 1.89 1.98 1,95 1.87 1.78 1.67 1.56 1.46

. 700 - - 3.56 3.54 2.96 2.56 2.46 2.46 2.46 2.45 2.44 2.41 2.30 2.16 1.89 1.83 1.71
1.000 - - S5.01 5.16 4.29 3.56 3.30 3.22 3.19 3.16 3.13 3.05 2.88 2.68 2.47 2.28 2.16
1.500 - - €.50 7.11 6.19 5.06 4.51 4.30 4.24 4.19 4.15 3.98 3.73 3.49 3.24 3.05 2.97
2.000 - - 6.77 7.74 7.27 6.16 5.55 5.30 5.23 5.21 5.20 5.01 4,73 4.49 4.24 4.05 4.03
3.000 - _ §.20 7.36 7.96 7.43 7.05 6.91 6.88 6.94 7.02 6.84 6.59 6.38 6.07 5.83 S.87
5.000 - - 5.84 6.37 7.53 7.93 8.27 8.43 8.55 8.72 8.78 8.63 8.36 7.84 7.14 6.38 6.08
7.000 - - 5.32 5.74 7.04 7.82 8.47 8.94 9.19 9.28 9.17 8.99 8.63 7.91 7.01 5.91 5.37
10.000 - - 5.02 5.29 6.53 7.45 8.11 B.88 9.23 9.11 8.67 8,45 7.95 7.42 6.52 5.29 4.71
15,000 - - 4.82 5.19 5.93 5.48 7.04 7.67 7.97 7.84 7.38 7.22 6.83 6.36 5.66 4.68 4.18
20.000 - - 4.88 5.25 5.57 5.76 5.97 6.20 6.36 6.40 6.20 5.15 6.00 5.64 5.09 4.33 3.94

r
|

t
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TABLE 4 - continued
average ozone (ppmv) for July

latitude
p (mb) -80°* -70° -60°* -50" -40° -30° -20°* -10° Q0° 10° 20° 30°* 40° 50° 60° 70° 80°

.003 - - - .58 .66 .B3 .53 .48 .47 .51 .60 .66 .71 .85 .93 .BO .58

. 005 - - - .34 .41 .41 .37 .34 .37 .40 .42 .44 .49 .55 .52 .40 .31
.007 - - - .24 .29 .32 .32 .33 .35 .36 .35 .34 .36 .37 .30 .23 .21
.010 - - - .20 .24 .27 .29 .28 .28 .27 .25 .24 .24 .23 .19 .16 .17
.D1S - - - .21 .20 .20 .19 .17 .16 .16 .16 .16 .16 .16 .1B .16 .16

. 020 - - - .21 .17 .16 .15 .14 .14 14 14 14 .15 .16 .17 1T 17

. 030 - - - .22 .17 .16 .16 .16 .17 .17 .16 .16 .18 .20 .20 .20 .21

. 050 - - - .31 .31 .29 .26 .25 .25 .25 .24 .24 .27 .28 .28 .28 .31
.070 - - - .43 .46 .45 .39 .36 .36 .36 .35 .36 .39 .39 .38 .39 .42

. 100 - - - .61 .60 .60 .57 .5¢ .55 .56 .58 .S7 .55 .58 .57 .55 .56
150 - - - .83 .85 .8 .83 .82 .8l .84 .87 .88 .85 .82 .81 .81 .79
. 200 - - - - 1.09 1.08 1,06 1.04 1.04 1.06 1.11 1.12 1.09 1.04 1.00 .98 .85

. 300 - - - - 1.531.49 1.45 1.44 1.44 1.46 1.50 1.51 1.46 1.39 1.32 1.26 1.19

. 500 - - 2.052.142.22 2.07 2.00 1.89 1.98 1.9 2.00 2.00 1.93 1.8%1 1.68 1.55 1.44

. 700 - - 2.B5 3.03 2.86 2.80 2.48 2.44 2.44 2.44 2.48 2.49 2.39 2.20 2.00 1.82 1.65
1. 000 - - 4.06 4.40 4.05 3.58 3.34 3.23 3.19 3.18 3.22 3.19 3.01 2.76 2.52 2.30 2.14
1.500 - - 5.626.28 576 5.04 4,61 4.39 4.31 4.23 4.31 4.18 3.91 3.61 3.32 3.08 2.97
2.000 - - 56.24 7.17 6.86 6.13 5.69 5.47 5.38 5.37 5.38 5.21 4.90 4.59 4.28 4.03 3.97
3.000 - - 6.22 7.33 7.79 7.43 7.23 7.16 7.12 7.15 7.18 6.98 6.68 6.37 6.00 5.66 S.64
5. 000 - - 5.79 6.63 7.47 8.04 8.35 8.62 8.76 8.87 8.85 8.67 B.34 7.88 7.11 6.21 S.84
7.000 - - 5.39 5.91 6.98 7.81 8.42 8.98 9.26 9.34 9.17 8.99 8.59 7.97 6.98 5.79 5.18
10.000 - - 4.985296.41 7.19 7.95 8.77 9.11 9.08 8.85 8.45 7.95 7.23 6.28 5.14 4.50
15. 000 - - 4.74 5.08 5,83 6.356.90 7.53 7.81 7.79 7.35 7.19 6.80 6.22 5.45 4.51 3.95
20.000 - - 4.655.14 5,52 5.73 5.92 6.14 6.31 6.41 6.17 6.08 5.91 5.55 4.94 4.14 3.68

average ozone (ppmv) for August
latitude

p (md) -80" -70° -B0O* -50° -40° ~-30° -20* -10" O°* 10° 20°* 30° 40" 50* BO0° 70° 80°
. 003 - - .62 .66 .69 .B7 .61 .BO .61 .62 .85 .68 .B7 .B5 .67 .60 .44

. 005 - - .37 .40 .43 .43 .41 .40 .40 .41 .44 .45 .43 .41 .41y .35 .24

. 007 - - .26 .29 .32 .34 .35 .36 .36 .36 .38 .36 .32 .29 .28 .22 18
.010 - - .23 25 .28 .30 .32 .31 .30 .30 .31 .27 .23 .20 .18 .15 .15
.015 - - .25 .23 .24 .24 .22 .19 .18 .18 .19 .17 .16 .15 .14 .14 .13
.020 - - .24 .20 .18 1B .16 .14 .14 14 .15 .14 .14 .14 .14 .15 .15
.030 - - .24 .18 17 017 .17 .18 18 16 .17 % .16 .17 .18 .18 .19

. 050 - - .33 .32 .31 .30 .¢o .25 .25 .25 .25 .24 .25 .26 .27 .27 .29
.070 - - .44 .47 .48 .44 .38 .36 .36 .35 .34 .35 .36 .38 .38 .38 .39
.100 - - .BO .61 .62 .59 .54 .52 .53 .53 .52 .52 .S3 .53 .52 .53 .54
150 - - .84 .85 .88 .87 .82 .79 .79 .73 .18 .80 .81 .80 .71 .75 .13
. 200 - - 1.0 1.09 1.12 1.11 1.05 1.02 1.01 1.01 1.03 1.04 1.05 1.02 .96 g2 90

. 300 - - 1.18B 1.56 1.58 1.54 1.47 1.43 1.40 1.39 1.43 1.46 1.45 1.38 1.30 1.23 1.18

. 500 - 1.80 1.80 2,18 2.22 2.11 2.00 1.87 1.95 1.84 1.97 2.02 1.98 1.85 1.74 1.B4 1.56

. 700 - 2.50 2.55 2.76 2.79 2.60 2.45 2.41 2.39 2.40 2.45 2.50 2.44 2.26 2.11 2.01 1.92
1. 000 - 3.35 3.54 3.87 3.87 3.55 3.29 3.17 3.13 3.14 3.22 3.28 3.18 2.95 2.77 2.B5 2.55
1.500 - 4.41 4.87 5.51 5.43 4.97 4.55 4.31 4.24 4.27 4.39 4.42 4.25 3.98 3.78 3.61 3.48
2.000 - 4.925.73 6.60 6.55 6.09 5.68 5.42 5.33 5.37 5.51 5.49 5.27 4.99 4.77 4.53 4.32
3.000 - 5.2 6.35 7.57 7.78 7.54 7.37 7.23 7.16 7.20 7.32 7.23 6.94 5.64 6.34 5.86 5.43
5.000 - 5.346.14 7.42 8.06 8.32 8.65 9.04 9.07 9.15 9.07 8.69 8.31 7.81 7.06 6.18 5.30
7.000 - 5.295.596.73 7.56 8.10 8.72 9.46 9.54 9.60 9.39 8.93 8.45 7.73 6.78 5.63 4.68
10.000 -~ 5.11 4.94 5.88 6.74 7.36 8.14 8.43 9.51 9.53 9.16 B.60 8.01 7.13 6.11 4.94 4.05
15.000 - 4.63 4.53 5.33 5.99 6.43 6.98 7,74 7.84 7.89 7.58 7.19 5.78 5,06 5.21 4.28 3.62
20. 000 - 4.14 4.535.16 5.59 5.78 5.96 6.22 6.31 6.43 5.26 5.05 5.84 5.35 4.66 3.95 3.45



TABLE 4 ~ continued

average ozone (ppmv) for September

17

latitude

p (mb) -go* -70° -60" -50° -40* -30°* -20°* -10° 0O°* 10° 20* 30° 40° 50* 60° 70° 80°
.003 .42 .58 .ss¢ .64 .74 .79 .77 .77 .77 .75 .76 .76 .69 .61 .BD .56 .46
005 .27 .33 .36 .39 .46 .52 .51 .48 .48 .48 .49 .53 .47 .37 .31 .28 .21
.007 .24 .26 .29 .33 .38 .43 .43 .40 .38 .38 .40 .42 .38 .29 .24 .21 .18
.010 24 .28 .31 .35 .37 .37 .35 .32 .30 .29 .32 .34 .31 .25 .21 19 16
,015 .27 .32 .3t .32 .30 .27 .23 .21 .20 18 .21 .22 .22 .18 17 16 17
.020 .28 .30 .27 .25 .23 .19 .17 .16 .16 .15 .16 17 .17 .16 .15 15 .18
.030 28 .28 .22 .19 .17 .16 .17 .17 .16 .16 .16 .15 .15 .16 .16 .17 .21
.050 33 .33 .31 .31 .29 .28 .26 .24 .23 .24 .24 .23 .23 .26 .26 .27 .29
.070 .41 .43 .45 .45 .45 .42 .37 .34 33 .34 34 .34 .35 .38 .39 .38 .38
. 100 52 .57 .58 .59 .58 .54 .50 .49 .50 .43 .47 .46 .48 .49 .48 .49 .SO

. 150 70 .80 .80 .83 .84 .80 .77 .76 .76 .74 .72 .70 .72 .73 .70 .67 .67

. 200 - .99 1.011.051.06 1.03 1.00 .99 .98 .97 .96 .96 .97 .97 .94 .89 .86

. 300 — 1,35 1.40 1.47 1.48 1.43 1.41 1.41 1.38 1.36 1.38 1.40 1.40 1 40 1.36 1.28 1.25
500 1.78 1.88 1.98 2.10 2.10 2.02 1.96 1.95 1.93 1.92 1.94 1.96 1.85 1.92 1.89 1.87 1.93
700 2.38 2.34 2.48 2.67 2.64 2.47 2.38 2.36 2.35 2.36 2.38 2.40 2.38 2.36 2.37 2.41 2.48
1.000 3.19 3.18 3.38 3.66 3.62 3.36 3.16 3.06 3.04 3.07 3.15 3.23 3.23 3.23 3.30 3.37 3.34
1.500 4.26 4.38 4,72 5.10 5.07 4.71 4.35 4.13 4.08 4.15 4.34 4.48 4.51 4.54 4.66 4.69 4.33
2.000 4.86 5.16 5.72 6.23 6.26 5.90 5.50 5.21 5.13 5.21 5.45 5.60 5.59 5.60 5.67 5.52 4.87
3.000 5.34 5.89 5.86 7.58 7.80 7.63 7.36 7.08 6.97 7.04 7.25 7.31 7.17 7.03 6.82 6.23 5.22
5 000 5.36 5.94 5.86 7.76 8.45 8.81 9.04 8.99 8.96 8.98 8.98 8.80 8.41 7.89 7.17 6.07 4.97
7.000 S.28 S.62 6.45 7.31 8.06 8.64 9.20 9.54 9.61 9.57 9.34 B8.98 8.43 7.63 6.67 5.47 4.58
10.000 5.15 5.18 5.81 6.61 7.34 8.02 8.80 9.25 9.39 9.31 8.84 8.35 7.71 6.74 5.75 4.71 4.14
15.000 4.38 4.51 5.12 5.85 6.38 6.83 7.31 7.81 7.94 7.91 7.45 7.04 6.58 5.76 4.94 4.13 3.75
20.000 3.50 3.97 4.75 5.42 5.79 5.00 6.14 6.30 6.38 6.42 6.15 5.92 5.71 5.18 4.54 3.89 3.53

average ozone (ppmv) for October
latitude

p (mb) -80* -70° -BO® -50° -40° -30° -20* -10° O° 10* 20° 30° 40* 50°* 60° 70° 80°
.003 .57 .56 .54 .51 .80 .93 .87 .80 .84 .81 .76 .84 .87 .75 .66 .65 .63
.005 98 .41 .41 .45 .S58 .66 .BO .53 .55 .54 .51 .55 .55 .44 .34 .30 .23

. 007 031 .38 .41 .44 .50 .52 .47 .42 .43 .42 .39 .42 .41 .33 .25 19 12
.010 29 .38 .43 .45 .44 .39 .34 .33 .33 .32 .30 .30 .31 .28 .23 .18 .12
.015 .26 .32 .35 .35 .31 .26 .24 .24 .24 .23 .22 .22 .22 .23 .25 .25 .20
.020 .23 .24 .25 .25 .23 .18 18 .19 .20 .18 .18 18 18 .20 .25 .29 .25
.030 .24 .21 .20 .19 .18 .17 17 18 .18 .17 .16 .16 .16 15 .24 .33 .3
.0S0 95 .33 .32 .31 .29 .26 .26 .26 .25 .24 .24 .25 .26 .26 .28 .36 .37
.070 .45 .45 .44 .43 .41 .39 .38 .37 .36 .35 .35 .36 37 .38 .38 .40 .41
.100 .56 .55 .54 .53 .50 .48 .48 .46 .46 .45 .52 .53 .55 .56 .54 .51 -
180 .78 .75 .75 .76 .74 .74 .73 .71 .69 .69 .79 .66 68 .70 .69 .72 -
.200 ,97 .93 .94 .96 .96 .97 .96 .94 .92 .92 .93 .92 .93 .93 .91 .84 -
0300 1.31 1.28 1,30 1.33 1.37 1.38 1.40 1.39 1.37 1.38 1,41 1.40 1.37 1.36 1.36 1.37 -
500 1.76 1.79 1.86 1,92 1.83 1.94 1.86 1.97 1.97 1.97 1.96 1.94 1.97 2.07 2.16 2.16 2.08
700 2.16 2.18 2.33 2.40 2.36 2.31 2.33 2.35 2.37 2.37 2.34 2.32 2.44 2.68 2.84 2.88 2.94
1.000 2.83 2.87 3.10 3.22 3.17 3.07 3.04 3.03 3.04 3.06 3.10 3.18 3.44 3.80 4.05 4.06 3.97
1.500 3.86 3.93 4.26 4.47 4.43 4.27 4.14 4.05 4.03 4.08 4.27 4.53 4.96 5.41 5.66 S5.49 4.96
2.000 4.75 4.91 5.34 5.54 5.86 5.47 5.27 5.11 5.03 5.11 5.35 5.67 6.09 6.42 6.43 6.07 5.26
3.000 5.92 6.33 6.93 7.39 7.58 7.47 7.24 6.98 6.82 6.86 7.10 7.32 7.41 7.30 6.92 6.18 S.18
5.000 6.18 6.87 7.70 8.30 8.74 9.04 9.17 .06 8.90 8.87 8.89 8.66 B.01 7.33 6.75 5.92 5.03
7.000 6,00 6.61 7.39 7.99 8.47 9.06 8.53 9.76 9.75 9.68 g.45 8.83 7.79 6.91 6.24 5.52 4.81
10.000 S.76 6.08 6.66 7.14 7.50 8.18 8.90 8.52 9.77 9.83 g.48 8.53 7.26 6.27 5.54 4.99 4.45
15.000 - 4.86 5.27 5.96 6.30 6.44 6.92 7.47 7.99 8.05 8.16 7.79 7.09 6.21 5.52 4.97 4.49 3.98
20.000 3.92 4.64 5.60 5.84 5.82 6.03 6.24 6.356 6.33 5. 44 6.26 5.90 5.45 5.05 4.70 4.19 3.62
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TABLE 4 - continued
average ozone (ppmv) for November

latitude
p (mb) -80* -70" -60° -S50° -40° -30' -20° -10°* ©O* 10* 20°* 30° 40° 50°* 60° 70°

.003 .50 .60 .67 .74 .82 .B4 .77 .76 .79 .80 .78 .84 .88 .97 .88 -
. 008 .33 .41 .48 .54 .58 .59 .55 .53 .55 .57 .54 .54 .58 .52 .45 -
. 007 .24 .30 .37 .42 .45 .45 .43 .43 .45 .47 .43 .41 .41 .32 .24 -
.010 .18 .22 .27 .31 .32 .33 .32 .33 .35 .37 .35 .33 .30 .24 .18 -
. 015 .15 .17 .18 .21 .22 .23 .23 .24 .25 .25 .26 .25 .24 .25 .22 -
. 020 .17 .17 .18 .18 1B .18 .18 .20 .20 .20 .20 .20 .20 .24 .26 -
.030 .21 .20 .21 .20 .19 .18 .17 .18 .17 .16 .18 .18 .19 .24 .31 -
. 050 .31 .30 .30 .30 .28 .27 .26 .25 .25 .24 .26 .27 .28 .31 .38 -
.070 .43 .42 .41 .4} .40 .39 .38 .37 .36 .37 .38 .33 .41 .43 .44 -
. 100 .54 .52 .52 .49 .46 .46 .46 .46 .47 .48 .57 .58 .58 .59 .58 -
.150 .74 .73 .74 .73 .72 .72 .72 .70 .70 .71 .73 .70 .70 .71 .79 -
.200 .81 .81 .91 .93 .33 .94 .94 .94 .93 .94 .95 .96 .95 .92 - -

.300 1,20 1.21 1.24 1.28 1.32 1.351.38 1.40 1.38 1.38 1.41 1.45 1.43 1.37 -
.500 1.59 1.64 1.72 1.BC 1.85 1.90 1.94 1.98 1.98 1.98 1.96 1.99 2.08 2.19 2.09 2.09
.700 1.86 1.93 2.07 2.15 2.2} 2.26 2.30 2.36 2.40 2.37 2.31 2.37 2.60 2.87 2.98 2.89

1.000 2.42 2.47 2.63 2,72 2.78 2.86 2.94 3.02 3.07 3.05 3.04 3.22 3.68 4.14 4.24 3.98
1.500 3.37 3.38B 3.55 3.64 3.71 3.82 3.94 4.02 4.06 4.09 4.19 4.60 5.34 5.87 5.76 5.26
2.000 4.38 4.39 4.58 4.71 4.79 4.90 5.01 5.04 5.05 5.09 5.26 5.76 6.46 6.77 6.38 5.78
3.000 5.96 6.06 5.32 6.61 .76 6.85 6.90 6.81 6.70 6.72 6.92 7.25 7.43 7.18 6.45 5.88
5.000 6.39 6.76 7.28 7.93 8.40 8.57 8.82 B.69 8.36 8.35 8.27 B.03 7.45 6.78 6.04 5.67
7.000 6.03 6.45 7.08 7.B4 8.49 8.97 9.34 8.41 9.11 $.01 8.70 B.08 7.01 6.26 5.67 5.39
10.000 5.58 5.87 6.46 7.11 7.76 8.41 9.00 9.45 9.43 9,32 8.73 7.83 6.39 5.72 5.31 5.00
15.000 5.05 5.26 5.81 6.22 6.67 7.23 7.74 B.17 8.23 7.93 7.46 6.78 5.78 5.33 4.38 4.52
20.000 4.87 4.80 5.40 5.64 5.89 6.22 5.46 B5.61 6.53 6.37 6.18 5.82 5.30 5.05 4.68 4.11

average ozone {(ppmv) for December

latlitude
p {mb) -80* -70° -€60° -50° -40° -30° -20° -10* O° 10° 20° 30" 40* 50° B0°* 70°

.003 .54 .70 .79 .80 .75 .66 .58 .57 .55 .52 .60 .79 .94 .95 - -
.005 .28 .35 .44 .52 .53 .47 .44 .45 .45 .42 .41 .49 .S58 .57 - -
.087 .20 .22 .27 .35 .38 .36 .37 .40 .41 .33 .36 .36 .37 .33 - -
.010 .17 .17 .19 .23 .26 .25 .28 .33 .33 .33 .34 .31 .27 .21 - -
.015 .17 .17 .17 .17 .17 1@ .20 .22 .22 .23 .26 .27 .26 .24 - -
.020 .18 .18 .17 .16 .16 .15 .16 .17 .17 .18 20 .23 .25 .27 - -
.030 .22 .21 .20 .18 .18 .16 .16 .17 .17 .17 17 .18 .23 .31 - -
050 .33 .30 .29 .28 .27 .25 .24 .25 .25 .24 .26 .30 .34 .39 - -
.070 .43 .41 .40 .39 .39 .38 .36 .35 .35 .35 .38 .45 .43 .51 - -
.100 .58 .57 .52 .50 .48 .49 .51 .50 .48 .48 .49 .65 .71 .70 - -
.1s0 .78 .77 .76 .75 .75 .77 .77 .74 .71 .72 .72 .76 .80 .99 - -

.200 .94 .93 .85 .95 .96 1.00 1.01 .97 .94 .94 .97 1.02 1.04 1.25 - -
.300 1.20 1.22 1.26 1.29 1.33 1.40 1.42 1.39 1.36 1,37 1.42 1.48 1.50 1.78 - -
.S00 1.47 1.55 1.85 1.77 1.86 1.93 1.97 1.98 1.98 1.98 1.97 1.99 2.09 1.94 1.94 1.7
.700 1.85 1.77 1.84 2.10 2.21 2.28 2.34 2.40 2.44 2.41 2 35 2.38 2.57 2.72 2.68 2.21
1.000 2.11 2.23 2.42 2.57 2.72 2.86 2.99 3.11 3.18 3,15 3.13 3.25 3.63 3.92 3.74 3.00
1.500 2.92 3.00 3.19 3.34 3.53 3.77 4.01 4,18 4.27 4.29 4.35 4.66 5,27 5.59 5.10 4.1
2.000 3.90 3.95 4.13 4.31 4.54 4.81 5.08 5.25 5.32 5.35 5.45 5.80 6.37 6,49 5.79 4.86
3.000 5.51 5.64 5.83 6.16 6.45 6.71 6.96 7.04 6.93 6.97 7.02 7.18 7.31 6.92 6.10 5.39
5.000 6.27 6.46 7.03 7.71 8.18 8.57 8.90 8.89 8.55 8.26 7.97 7.74 7.28 6.54 5.94 5.19
7.000 5.79 6.13 6.98 7.B2 8.47 8.97 9.38 9.49 9.08 8.66 8.10 7.62 5.89 6£.07 5.69 4.81
10.000 4.99 5.40 6.40 7.41 8,16 8.75 9.24 9.60 9.36 8.79 7.90 7.25 5.38 5.65 5.42 4.37
15.000 4.35 4.72 5.62 6.41 7.01 7.44 7.77 8.04 7.93 7.53 6.87 6,44 5.85 5,42 5.10 4.08
20.000 4.10 4.38 5.13 5.66 6.05 6.29 6.40 6.44 6.27 6.11 5.85 5.73 5.48 5,30 4.77 3.86
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latitude semjannual variations in the two hemispheres and evidence of propegation from the
mesosphere into the stratosphere.

Shown in Figure 11 is the vertical structure of global mean ozone (weighted by cosine of
latitude) and the maximum and minimum extremes of the tabulated values.

For convenience, Table 5 lists conversion factors for deriving common units for ozone
reasurements from volume mixing ratlo.

Tabulated in Table 6 are the zonal mean ozone volume mixing ratios (ppmv) ms a function of
height and latitude using the conversion from pressure to height given by Barnett and
Corney {29].

5. ANNUAL MEAN MIDLATITUDE MODEL

The Krueger and Minzner annual mean ozone reference model [3]of 45°N based on balloon and
rocket data is compared here with this set of reference models. The Krueger and Minzner
model has proven to be very useful and was Included in the U. S. Standard Atmosphere, 1976.
Data from rocket soundings in the latitude range of 45°'N * 15°, results of balloon soundings
at latitudes from 41°N to 47'N, and latitude gradients from Nimbus 4 BUY observations were
combined to give this earller estimate of the annual mean ozone concentratlon and its
variability at heights up to 74 km for an effective latitude of 45°N

Shown in Figure 12a is a comparison of the vertical structure of the annual mean volume
mixing ratlo given by Krueger and Minzner [3]°with that of the annual mean determined by
averaging the monthly values at 40° and SO°N based on satellite data glven {n Table 4. As
may be detected, there Is good agreement between the balloon and rocket measurement model and
the satellite measurement model. This agreement ls even more noteworthy conslderling the lack
of longitudinal coverage in the balloon and rocket measurement model. Shown In Flgure 12b
are the percent differences of the Krueger and Minzner model [3) from the annual mean model
based on Table 4 values. Below altltudes of 0.2 mb, the agreement is generally within 10%.
Above 0.2 mb, differences as large as 45/ occur, but differences at all levels are within the
error bars indicated by the Krueger and Minzner model. Both models give maximum mixing
ratios near 5 mb.

Shown in Figure 13 is a comparison of the annual mean vertical ozone distribution from
ozonesonde data from Hohenpelissenberg (FRG) (48°N, 11°E)} over the perlod 1967-13985 and from
Thalwil-Payerne (Switzerland) (47°N,7°E) over the period 1967-1982 with the 47.3°N zonal
average annual mean based on the satelllite data. Also the annual mean vertical structure of
Umkehr data from Arosa (Switzerland) 1955-1983 is compared. These threedata sets were
generously provided by R. BoJkov {B4]. Considering that the ozonesonde and Umkehr data do not
represent a zonal average but do represent conditions over a period of many years, the
agreement is very good. Comparlisons month by month of the ozonesonde data show better than
10% agreement with the zonal mean mixing ratios but show evidence of local phase shifts
relative to “he —onal =mean rarintlions. A numbe~ »f other comparisons have been made with
these satellite ozone reference models [65-68]

6. MODELS OF TOTAL OZONE-VERTICAL STRUCTURE RELATION

Mateer et al. [6] developed models of the vertlical structure of ozone as a function of total
column ozone and latitude. The models were based on balloon and rocket data. These models
of the relation of total ozone to vertical structure are incorporated here. Shown in Flgure
14a are low-latitude (about #25°) profiles for ozone mixing ratios for total column ozone of
200, 230, 250 and 300 Dobson units (left to right)}. Shown in Figure 14b are simllar
mid-latitude (=25 to 58°) profiles for total column ozone in increments of 50 Dobson units
from 200 to 550 Dobson unlts (left to right). Finally, shown in Figure 14c are similar
high-latitude («58 to BO®) profiles for total column ozone in increments of SO Dobson units
from 200 to 650 Dobson units (left to right). Note that the substantial variabllity in
nixing ratio extends to lower pressures (higher altitudes) at the higher latitudes.
Tabulations of the models are found in [6).

7. OTHER SYSTEMATIC VARIATIONS
A number of systematic variations of ozone In addition to latitudinal-seasonal varjations

have been mnalyzed. For brevity only a few references are included here. Emplirical analyses
have been performed on the quasibliennial oscillation [69], solar cycle varlations [70,71] ,

21
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TABLE 5. Unit Conversion

To convert from volume mixing ratic (ppmv} to

the units below, multiply by

MASS MIXING RATIO (ppmm) 1.657

MASS DENSITY (kg-m 2) 1.657-10"’-pl
NUMBER DENSTTY (m ™) 2.078:10"%p,
PARTIAL PRESSURE (nb) p

t

where P, is the total atmospheric pressure in mb
(1 mb = 100 pascal} and e, is the total atmospheric
density in kg'm™> at a given altitude.

Total column burden {1} {n atm-cm
(1 atmecm = 1000 Dobson units) above a glven pressure (pol
can be calculated by Integrating partial pressure p(Oa)
with respect to ln(p‘J
Py
2= 7.898-10" - [ p(0)-dln(p,)
o




TABLE 6.

average ozone (ppmv) for January

Zonal Mean Ozone Mixing Ratios (ppmv) as functlon of altltude

23

alt. latitude
z(km) -80°* -70° -60° -50* -40°* -30°* -20° -10" O©° 10° 20* 30°* 40°* 50°* BO* 70° 80°
80 .16 .15 .15 .18 .20 .23 .26 .28 .29 31 31 28 .24 .23 .19 - -
75 .26 .22 .19 .17 .15 .14 .15 .15 .15 16 .19 .23 .27 .27 .22 ~ -
70 .48 .44 .40 .35 .30 .25 .24 .25 .26 .25 .25 .26 .27 .34 .42 - -
65 .82 .73 .76 .69 .64 .60 .57 .56 .54 .53 .53 .54 .64 .58 .S7 - -
60 1.16 1.18 1.22 1.20 1.19 1.17 1.11 1.04 1.01 1.01 1.03 1,04 1.00 1.14 1.00 - -
55 1.56 1.65 1.76 1.83 1.87 1.86 1.78 1.68B 1.65 1.67 1.70 {.74 1.78 1.85 - - -
50 2.36 2.43 2.55 2.63 2.73 2.77 2.71 2.B62 2.60 2.B62 2.65 2.77 2.82 2.78 2.53 2.11 1.86
45 3.90 3.90 4.03 4.10 4.19 4.28 4.31 4.29 4.30 4.36 4.50 4.75 4.82 4.69 4.14 3.32 2.96
40 5.82 5.89 6.22 6.56 6.80 5.98 7.14 7.23 7.21 7.19 7.15 7.07 6.86 6.40 5.64 4.83 4.38
35 5.53 5.97 6.94 7.78 8.43 8.91 9.31 9.62 9.36 8.95 B.34 7.72 7.20 6.61 6.14 5.51 5.286
30 4.09 4.61 5.79 6.74 7.51 8.04 8.52 9.06 9.01 8.47 7.54 6.83 6.37 5.93 5.81 5.07 5.08
25 3.13 3.47 4.35 4.83 5.04 5.07 5.10 5.05 4.88 4.88 5.03 5.27 5.48 5.46 5.01 4.30 4.18
average ozone {(ppmv]) for February
alt. latitude
z(km) -80* -70° -60°* -50° -40° -30° -20* -10* O° 10* 20° 30" 40° 50° B0* 70° 80°
80 .13 .13 .15 .17 .21 .28 .31 .31 32 34 36 33 .27 .23 18 .14 -
75 .21 .19 .18 .16 .14 .15 15 .16 .17 17 .19 23 .29 .31 .29 .25 -
70 .40 .38 .37 .33 .29 .26 .26 .26 .26 26 .27 27 .26 .28 .38 42 -
65 .74 .71 .B9 .67 .83 .8C .59 .58 .57 .55 .54 .54 .51 .58 .53 .56 -
60 1.15 1.15 1.17 1.19 1.21 1.18 1.12 1.08 1.06 1.07 1.07 1.02 .93 .85 .79 .87 -
55 1.65 1.67 1.76 1.83 1,89 1.87 1.78 1.71 1.70 1.73 1.75 1.73 1.67 1.57 1.45 1.51 -
50 2.87 2.61 2.85 2.75 2.85 2.86 2.74 2.59 2.55 2.61 2.67 2.75 2.83 2.82 2.75 2.58 2.26
45 4.30 4.22 4.26 4.34 4.43 4.46 4.35 4.13 4.04 4.17 4.38 4.66 4.95 4.93 4.63 4.13 3.34
40 5.65 5.99 6.39 6.64 6.87 7.06 7.08 7.03 6.97 6.98 7.03 7.23 7.21 6.77 6.18 5.64 4.95
35 5.05 5.93 6.95 7.56 8.156 8.84 9.31 9.73 9.59 9.29 8.90 8.31 7.61 6.96 6.48 6.39 6.15
30 3.65 4.41 5.62 6.46 7.26 8.02 B8.69 9.34 9.42 8.83 8.18 7.17 6.50 6.29 6.13 6.42 6.12
25 3.02 3.43 4.19 4.54 4.90 4.98 5.06 5.08 4.95 4.90 5.10 5.30 5.46 5.59 5.58 5.39 5.28
average ozone (ppmv) for March
aic. latitude
z(km) -80* -70°* -B0° -50° -40° -30* -20°* -10* ©O* 10* 20° 30" 40° 50° 60° 70" 80O°
80 .12 .19 .21 .25 .31 .34 .33 .29 .28 .30 .33 .37 .38 .34 .28 .22 16
75 .16 .15 .15 .15 .16 .16 .16 .16 16 17 18 21 .29 .38 .38 .36 28
70 .28 .28 .28 .27 .27 .27 .27 .27 .26 .26 .27 .28 .27 .28 .35 .45 .45
65 ,53 .83 .55 .57 .58 .58 .S3 .BO .58 .57 .55 .53 .53 .52 .52 54 .56
60 .85 .96 1.02 1.09 1.12 1.11 1.10 1.12 1.12 1.11 1.06 1.02 .98 .92 .84 .B2 .82
S5 1.55 1.59 1.67 1.76 1.82 1.79 1.78 1.79 1.80 1.80 1.79 1.75 1.68 1.59 1.52 1.48 1.51
50 2.8B7 2.76 2.73 2.80 2.84 2.79 2.71 2.66 2.65 2.67 2.73 2.76 2.71 2.64 2.67 2.74 2.77
45 4.71 4.83 4.65 4.63 4.63 4.54 4.32 4.06 3.99 4.08 4.31 4.51 4.64 4.75 4.83 4.72 4.43
40 5.40 6.16 6.66 6.93 7.05 7.11 6.99 6.63 6.50 6.65 6.90 7.11 7.37 7.34 7.02 6.54 6.08
35 5.01 5.86 6.79 7.45 8.02 8.56 9.07 9.43 9.43 9.31 9.05 B.68 8.37 7.88 7.25 6.64 6.50
30 4.00 4.34 5.32 6.25 7.03 7.85 8.68 9.51 9.79 9.38 8.67 7.81 7.06 6.54 6.16 6.01 6.16
25 3.44 3.66 4.12 4.57 4.82 4.97 5.08 5.15 5.10 5.14 5.32 5.44 5.40 5.42 5.45 5.50 5.40
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TABLE 6 - continued

average ozone (ppmv) for April

alt. latitude
z(km) ~80° -70°* -60° -50° -40* -30°* -20°* -10* ©0° 10° 20° 30° 40" 50°* BO0* 70° B80°
80 - - .25 .30 .34 .33 .31 .32 .32 .32 .34 .41 .45 .44 .41 .36 .26
78 - - .28 .23 .18 .16 .16 .16 .16 .16 .17 .20 .25 .28 .31 .34 .32
70 - - .27 .23 .25 .27 .28 .28 .27 .28 .29 .30 .31 .32 .32 .35 .39
65 - - .46 .51 .56 .58 .B2 .82 .80 .S58 .57 .56 .56 .56 .57 .57 .57
€0 - - .86 .97 1,04 1,10 1.15 1.16 1.15 1,13 1.10 1.08 1.07 1,03 .88 .85 .94
55 - - 1.60 1.70 1.73 1.76 1.80 1.85 1.85 1.84 1.83 1.80 1.75 1.68 1.63 1.61 1.60
50 2.59 2.67 2.70 2.78 2.85 2.79 2.76 2.76 2.75 2.75 2.79 2.80 2.70 2.58 2.57 2.63 2.73
45 4.61 4.87 4.92 5.06 4.95 4.69 4.40 4.21 4.15 4.21 4.34 4.44 4.36 4.26 4.30 4.4} 4.49
40 5.65 6.32 6.77 7.08 7.25 7.26 7.04 6.67 6.57 6.73 7.00 7.13 7.18 7.14 7.07 6.8! 6.28
35 5.00 5.63 6.49 7.11 7.71 8.45 9.05 9.15 9.02 9.10 9.02 8.78 8.66 8.35 7.63 6.77 5.96
30 4.29 4.52 5.15 5.86 6.58 7.57 B.57 9.44 9.71 9.32 8.66 8.14 7.51 6.87 6.20 5.62 5.36
25 3.40 3.91 4.42 4.62 4.78 5.04 5.17 5.26 5.25 5.35 5.51 5.58 5.45 5.27 §.07 5.02 5.08
average ozone (ppmv) for May
alt. latitude
z(km) -80* -70" -60° -50* -40* -30°* -20°* -10°* O°* 10° 20°* 30° 40° §SO0* B0°* 70° BO®
80 - - - .30 .31 .32 .36 .40 .40 .38 .35 .35 .34 32 .28 .24 .19
75 - - - .23 .18 .17 .17 17 17 .17 .17 19 .18 .20 .19 18 .21
70 - - - .24 .23 .27 .28 .28 .29 .29 .30 .30 .32 .34 .35 .38 .42
65 - - - .45 .52 .57 .63 .64 .B2 .62 .B2 .61 .B1 .64 .B7 .69 .70
60 - - - .87 .97 1.06 1.16 1.18 1.16 1.16 1.16 1.15 1.14 1.14 1.13 1.11 1.10
55 - - - 1.68 1.73 1.73 1.B1 1.86 1.86 1.85 1.86 1.86 1.83 1.78 1.72 1.67 1.63
50 - 2.45 2.54 2.90 2.91 2.85 2.82 2.81 2.80 2.80 2.82 2.81 2.73 2.63 2.54 2.49 2.50
45 - 4.55 4.90 5.45 5.41 4.96 4.54 4.36 4.31 4.31 4.36 4.35 4.24 4.12 4.07 4.05 4.21
40 - B.44 6.76 7.41 7.52 7.41 7.07 6.81 6.75 6.86 7.04 7.04 6.94 6.8B4 6.70 6.42 6.34
a5 -~ 5.82 5.90 6.79 7.45 8.10 B.58 8.74 8.75 8.94 8.98 8.83 8.61 8.18 7.45 6.44 5.70
30 - 5.18 4.97 5.62 6.34 7.21 8.20 9.00 9.29 8.95 8.43 8.08 7.60 7.07 6.32 5.31 4.680
25 - 4.134.49 4.83 4.98 5.15 5.22 5.17 5.22 5.45 5.53 5.58 5.47 5.17 4.82 4.41 4.15
average ozone (ppmv) for June
alt. latitude
z{km) -80* -70° -60° -50° -40°* -30° -20° -10° ©O° 10* 20° 30°* 40" S0°* BO0* 70° BO®
80 - - - - .30 .31 .30 .31 .31 .30 .27 .26 .26 .23 .18 .16 .16
75 - - - - .18 .17 .16 .15 .15 .15 .15 .16 .18 .20 .20 .21 .24
70 - - - - 24 28 .28 .27 .27 .27 .27 .30 .32 .35 .38 .43 .47
65 - - - - .82 56 .61 .64 .64 .65 .67 .66 .67 .73 .79 .83 .84
60 - - - - .83 1.05 1.15 1.19 1.19 1.21 1.24 1.24 1.23 1.26 1.27 1.24 1.20
55 - - - - 1.6 1.BB 1.78 1.84 1.84 1.84 1.86 1.86 1.85 1.82 1.75 1.67 1.58
50 - - 2.352.71 2.84 2.81 2.86 2.86 2.84 2.82 2.84 2.84 2.75 2.62 2.48 2.38 2.33
45 - - 4.69 5.46 5.43 4.95 4.67 4.51 4.44 4.40 4.42 4.34 4.19 4.07 3.96 3.90 3.96
40 - - 6.70 7.87 7.67 7.25 7.04 6.96 6.83 7.00 7.12 7.03 6.88 6.68 6.38 6.19 6.19
35 - - 5.86 6.53 7.44-7.89 8.37 8.70 8.89 9.02 9.00 B.85 8.54 7.88 7.03 5.87 5.42
30 - - 5.12 5.28 6.32 7.02 7.59 8.29 8.63 8.48 8.00 7.78 7.30 6.77 5.95 4.85 4.3!
25 - - 4.63 5.07 S.15 5.03 4.89 4.85 4.94 5.07 5.02 5.01 5.00 4.78 4.38 3.80 3.52
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TABLE 6 - contilnued

average ozone (ppmv) for July

alt. latitude
z(km) -BO* -70°* -60" ~50° -40° -30° -20°* -10°* O° 10°* 20* 30* 40° 50° 60° 70° 80°
80 - - - .22 .25 28 28 28 27 .27 .24 24 23 21 17 16 16
75 - - - .21 .18 16 15 14 15 15 .15 15 16 18 20 21 25
70 - - 25 .24 27 26 26 26 25 .24 26 31 35 38 43 48
65 - - - 48 .55 .59 .61 61 61 62 .64 66 .69 .73 .79 .B4 .BS
60 - - - - 1.00 1.10 1.15 1.15 1.15 1.17 1.22 1.26 1.27 1.28 1.29 1.27 1.21
55 - - - - 1.721.75 1.79 1.8B0 1.79 1.79 1.83 1.88 1.88 1.84 1.77 1.67 1.56
S0 - - 2.09 2.59 2.86 2.90 2.87 2.82 2.78 2.77 2.85 2.91 2,85 2.70 2.54 2.42 2.33
45 - -~ 3.94 5.00 5.29 5.00 4.74 4.55 4.45 4.42 4.50 4.48 4.35 4.20 4.05 3.82 3.94
40 - - B6.11 7.23 7.49 7.29 7.21 7.17 7.11 7.14 7.23 7.14 6.96 6.78 6.44 6.03 5.95
35 - - 6.04 6.77 7.36 7.94 8.38 8.81 9.01 3.11 9.03 8.87 8.52 7.95 6.99 5.82 5.18
30 - - 5.18 5.28 6.20 6.80 7.43 B.16 B.49 8.45 7.98 7.73 7.24 6.55 5.69 4.66 4.06
25 - - 4.56 5.03 5.15 5.02 4.89 4.83 4.95 5.10 4.97 4.87 4.BO 4.63 4.18 3.57 3.24
average ozone [ppmv) for August
alt. . latitude
z(km) -80" -70°* -B0O* -50°* -40°' ~30° -20° -10* O©0° 10°* 20° 30°* 40° SO* BO° 70° 80°
80 - - .24 .26 .29 .30 .31 .28 .28 .28 .29 .26 .22 .18 .16 .14 .14
75 - - .24 .21 .19 .18 .16 .15 .15 .15 .16 .15 .14 .16 .17 .18 .20
70 - - .27 .24 .26 .28 .27 .26 .26 .26 .26 .25 .27 .31 .34 .36 .38
65 - - .48 .53 .58 .59 .60 .80 .60 .BO .58 .59 .62 .65 .B7 .70 .71
60 - - .88 .96 1.07 1.15 1.17 1.16 1.13 1.12 1.13 1.16 1.20 1.20 1.17 1.15 1.12
S5 - - 1.25 1.69 1.B0 1.82 1.82 1.81 1.78 1.76 1.78 1.84 1.86 1.80 1.73 1.67 1.61
50 - 1.96 2.26 2.69 2.98 2.95 2.87 2.80 2.75 2.75 2.83 2.92 2.91 2.77 2.66 2.58 2.50
45 - 3.26 4.01 4.892 5.25 S.01 4.73 4.51 4.40 4.42 4.58 4.67 4.60 4.44 4.31 4.16 4.01
40 - 4.76 5.92 7.15 7.57 7.46 7.37 7.24 7.13 7.17 7.34 7.30 7.09 6.84 65.49 6.02 5.49
35 - 5.27 6.28 7.39 7.87 8.21 8.69 9.26 9.30 8.38 S.24 8.83 B.40 7.75 6.85 5.79 4.81
30 - §,26 5.13 5.78 6.42 6.91 7.56 B.61 8.74 B.75 8.36 7.81 7.28 6.45 S5.52 4.49 3.76
25 - 4.43 4.53 4.96 5.11 5.04 4.92 4.84 4.96 5.10 4.99 4.87 4.77 4.49 3.88 3.49 3.18
average ozone (ppmv) for September
alt. latitude
z(km) -80* -70° -B0* -50° -40° -33° -20* -13* C¢° IC* 2Z&° 3C 42 S50° 60° 70* 8O°
80 .24 .27 .3t .34 .36 .36 .33 .30 .28 .27 .30 .31 .30 .25 .21 .18 .16
75 .28 .30 .27 .24 .21 .18 .17 .16 .18 .16 .16 .16 .16 .16 .15 .18 .18
70 .30 .30 .26 .26 .27 .28 .28 .26 .25 .26 .25 .24 .24 .25 .26 .26 .28
65 .47 .51 .S2 .ss .57 .57 .57 .58 .59 .57 .54 .52 .52 .52 .50 .48 .50
60 - .89 .82 .99 1.06 1.11 1.14 1.16 1.13 1.10 1.08 1.08 1.07 1.06 1.00 .90 .85
55 - 1.44 1.54 1.67 1.74 1.79 1.82 1.83 1.80 1.78 1.78 1.78 1.75 1.71 1.63 1.53 1.51
50 2.06 2.19 2.43 2.76 2.92 2.87 2.82 2.78 2.74 2.75 2.79 2.82 2.81 2.76 2.72 2.64 2.60
45 3.38 3.65 4.20 4.82 5.03 4.85 4.62 4.41 4.31 4.37 4.56 4.69 4.70 4.69 4.71 4.59 4.18
40 4.84 5.32 6.28 7.21 7.64 7.61 7.43 7.16 7.00 7.06 7.28 7.34 7.20 7.03 6.77 6.14 5.15
35 5.39 6.02 6.8B5 7.66 8.28 8.73 9.12 9.28 9.28 9.27 9.17 8.80 8.42 7.75 6.92 5.82 4.83
30 5.26 5.41 5.86 6.39 6.89 7.42 8.06 8.55 8.72 8.65 8.16 7.68 7.11 6.24 5.35 4.45 3.98
25 4.21 4.18 4.68 5.06 5.17 5.16 5.00 4.95 5.04 5.11 4.92 4.79 4.74 4.49 4.07 3.60 3.28
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TABLE B

- contlnued

average ozone (ppmv) for October

alt. latitude
z(km) -80* -70* -60°* -50°* -40° -30° -20°* -10" O" 10* 20°* 30° 40° 50° 60* 70° B8O"
80 .28 .36 .40 .42 .40 .35 .31 .31 .31 .28 .28 .29 .31 .29 .24 .19 12
785 .24 .23 .22 .22 .20 .18 18 .19 .18 .17 .17 .17 .17 .20 .25 .27 .22
70 .37 .35 .34 .32 .31 .28 .29 .28 .27 .26 .26 .25 .24 .22 .25 .34 .33
65 .61 .59 .58 .56 .56 .56 .56 .55 .54 .53 .80 .55 .55 .51 46 .43 -
60 1.04 1.01 1.01 1.02 1.06 1.10 1.13 1,13 1.11 1,11 1.09 1.03 .86 .87 .78 .74 -
55 1.56 1.58 1.64 1.67 1.73 1.79 1.84 1.86 1.86 1.85 1.81 1.73 1.65 1.60 1.51 1.38 -
50 2.34 2.42 2.63 2.73 2.75 2.73 2.76 2.78 2.78 2.78 2.75 2.70 2.74 2.78 2.71 2.51 2.26
45 3.89 3.86 4.26 4.51 4.59 4.52 4.45 4.36 4.31 4.36 4.50 4.64 4.90 5.09 5.00 4.53 4.07
40 5.44 5,94 6.70 7.23 7.53 7.51 7.35 7.09 6.91 6.94 7.14 7.26 7.25 7.07 6.74 6.11 5.25
35 6.20 6.86 7.61 8.17 8.61 89.05 9.37 9.47 89.33 9.29 9.18 B.74 7.92 7.21 6.68 5.93 5.06
30 5.82 6.09 6.47 6.79 6.98 7.55 8.20 8.80 8.99 9.02 8.67 7.85 6.80 6.00 5.39 4.91 4.43
25 4.07 4.53 5.27 5.29 5.10 5.09 5.07 4.97 4.93 5.02 4.94 4.82 4.71 4.59 4.38 3.83 3.42
average ozone (ppmv) for November
alt. . latitude
z(km) -80* -70* -60° -50° -40* -30°* -20* -10° O0°* 10° 20° 30° 40°* ©50° 60" 70 80°
BO .16 .18 .22 .25 .28 .29 .29 .31 .33 .34 .34 .32 .32 .27 .21 - -
75 .23 .21 .21t .19 .19 .18 18 .19 .19 18 .19 .20 20 .24 .24 - -
70 .43 .41 .39 .37 .34 .32 30 .28 .27 .26 .27 26 25 .26 .34 - -
65 .73 .71 .68 .B4 .60 .S58 .56 .54 .54 .55 .61 .58 54 .48 .48 - -
60 1.17 1.17 1.16 1.15 1,15 1.14 1,13 1.12 1.10 1.10 1.09 1.02 .89 .78 .78 - -
55 1.65 1.70 1.76 1.79 1.82 1.84 1.85 1.85 1.85 1.84 1.80 1.72 1.63 1.48 - - -
50 2.40 2.45 2.57 2.61 2.B3 2.66 2.71 2.75 2.78 2.76 2.68 2.65 2.67 2.66 2.43 2.17 1.77
45 3.98 4.00 4.13 4.14 4,13 4,17 4.26 4.27 4.29 4.32 4.37 4.58 4.96 5.00 4.60 3.97 3.03
40 6.10 6.27 6.53 6.80 6.91 6.97 7.00 6.87 6.74 6.75 6.89 7.07 7.14 56.96 6.40 5.78 4.42
35 6.18 6.57 7.16 7.87 8.45 8.83 9.10 9.04 8.72 8.67 B8.47 8.05 7.36 6.77 6.10 5.74 4.50
30 5.37 S.58 6.13 6.65 7.21 7.84 B.40 8.88 8.91 8.71 8.18 7.41 6.19 5.64 5.29 5.04 3.53
25 4.35 4.52 4.94 5.01 5.08 5.22 5.26 5.26 5.12 5.05 5.05 4.97 4.81 4.75 4.45 3.96 2.98
average ozone (ppmv) for December
alt. latitude
z{km) -80* -70* -60' -50°* ~-40° -30° -20°* -10° ©O° 10° 20° 30* 40° &50* 60* 70° 80°
80 17 .17 .17 19 .22 .23 .26 .30 .30 .31 .32 .30 .28 .27 - - -
75 .26 .23 .22 .19 .17 .is .16 .17 .17 .17 .18 .22 .25 .28 - - -
70 .51 .47 .42 .38 .35 .31 .28 .28 .27 .26 .27 .28 .28 .33 - - -
65 .85 .82 .77 .71 .B6 .64 .B2 .58 .56 .56 .55 .BGC .64 .S5 - - -
60 1.23 1.25 1.26 1.23 1.22 1.22 1.19 1.12 1.08 1.08 1.10 1.08 .97 1.03 - - -
55 1.58 1.66 1.76 1.83 1.88 1.89 1.86 1.82 1.80 1.80 1.79 1.74 1.68 1.78 - - -
50 2.31 2.38 2.49 2.55 2.64 2.71 2.74 2.76 2.79 2.76 2.73 2.70 2.66 2.42 2.11 1.67 1.54
45 3.87 3.88 3.95 3.98 4.07 4.18 4.29 4.36 4.42 4.44 4.51 4.67 4.93 4.66 3.83 2.84 2.58
40 6.04 6.08 6.26 6.53 6.74 6.90 7.04 7.04 6.95 6.94 6.97 7.03 7.04 6.68 5.8B4 4.69 4.33
35 5.84 6,18 7.00 7.79 8.37 8.80 9.14 9.17 8.78 8.43 B.03 7.69 7,19 6.54 5.898 5.28 5.13
30 4.57 4.95 5.91 6.83 7.54 8.09 8.55 8.92 8.76 8.27 7.48 6.93 6.21 5.60 5.42 4.52 4.48
25 3.75 3.94 4.56 4.86 5.07 5.18 5.16 5.08 4.90 4.2 4.96 5.10 5.11 5.08 4.59 3.83 3.8}
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Figure 12. Comparison of annual mean ozone volume mixing ratio (ppmv) at 45°N based
on the satellite data model of Table 4 and based on the balloon and rocket data model of
Krueger and Minzner [3]. On the left (a) is shown the vertical structure in the two
models and on the right (b) the percent difference from the satellite data model of the
Krueger and Minzner model.
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Figure 13. Comparison of annual mean ozone reference model with annual means of
long-term balloon and Umkehr measurements.
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Figure 14. Vanation of ozone mass mixing ratio with total ozone (from Mateer et al. [6]).
(a) low-latitude ozone profiles for total ozone of 200, 230, 250, and 300 Dobson units

(b) midlatitude ozone profiles for total ozone of 200, 250, ... 550 Dobson units

(c) high-latitude ozone profiles for total ozone of 200, 250, ..., 650 Dobson units.
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Figure 15. Biennial component of zonal mean ozone variation based on 7 years of
Nimbus 4 BUV measurements. Contour interval is 2 Dobson units; solid lines are
positive and the shaded area with dashed lines negatve (Tolson, (13]).
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Figure 16. Variation of global yearly average total column ozone expressed as
percent deviation from the mean based on ground-based Dobson spectrophotometers
as well as M-83 ozonometers (Angell and Korshover, [83]).
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Figure 18. Comparison of Nimbus 7 LIMS measurements of zonal mean ozone and
temperature obtained within 20° of the equator (Keating et al.[73]).
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solar rotation variations [72-75,123] , diurnal variations (37,38,76,77] , longitudinal
variations [2,11,78,79],volcanic eruptions [69,80], possible response to nuclear explosions
[81], long-term trends {71,82,83], 4-year oscillations [14], response to stratospheric
temperature [84-86], response to sudden winter warmings (87], and response to solar proton
events [88,89).

The quasibiennial variation in ozone s thought to be related to the quasibiennial variation
in equatorial zonal winds (90]. Shown in Figure 15 (13] is the biennial component of the
zonal mean total ozone varlation based on 7 years of Nimbus 4 BUV data. The contour interval
1s 2 Dobson units with the solid lines positive and the shaded area with dashed lines
negative. Referring back to Figure 3, 1t may be seen that in the low mand midlatitude regions
the large interannual variations correspond to regions of large quasiblennial variation.
However, since the varlation is quasibiennial as opposed to blennial, the phase indicated in
Figure 15 will change with time. There is also evidence that the period of the quasibiennial
variation may vary somewhat with latitude {91] and that the latitude of maximum quasibiennial
variation may vary somewhat with time [14].

Evidence has accumulated that variations in ozone with a period of the order of 11 years
occur at varlous locatlons. On the other hand, there has been a lack of consensus as to
whether these variations are related to the 1l1-year solar activity cycle. The early studles
which were performed were reviewed by Keating {70]. Recent empirical studies on the possible
response of ozone to ll-year solar variations include the works of Reinsel et al. [92) ,
Oehlert [93], Chandra [84), and Keating et al. [15]. From a study of Umkehr data, Relnsel et
al. [92] estimate a 3% varlation in ozone over the solar cycie near 36 km superimposed on a
3% per decade linear decline which may be associated with anthropogenic effects. Long term
variations in total column ozone have been detected using the global Dobson network. Shown
in Figure 16 are estimates of percent varlation in global mean ozone based on those
measurements as determined by Angell and Korshover [83]. Maximum values appear to occur near
the times of solar maxima. It has now been established that there are solar UV variations of
the order of 5% at wavelengths between 1B0 mnd 208 nm assoclated with the 27-day rotation
period of the sun [95,96]). Analyses of satellite data are indicating a clearly detectable
ozone response in both the stratosphere and mesosphere to these short-term solar varlatlons
[72-75,97,98, 123]. Peak positive responses are detected near 40 km and peak negative
responses (associated with solar Lyman-o radliation) are detected near 70 km [123].

The SME mesospheric measurements from which the mesospheric ozone models are based are
dayside measurements. Observations and theoretical models show that mesospheric ozone is
higher on the night side [37,38,51,76,77,89-103]. Shown in figure 17 is the nlght/day ozone
ratlo at the equator (January 13, 1B79) based on Nimbus 7 LIMS data after correcting for
non~-LTE effects, assuming quenching rates of 1 and 2:10° co’s™ [37). The photochemical
model results shown in the figure employ the photochemistry in the two-dimensional model of
Carcia and Solomon {104]). The night/day ratios glven in Figure 17 are also in good agreement
with the model of Allen et al. [51]). This model [S1) appears to be fairly conslstent with
most of the measurements obtained at different latitudes, seasons, and altitudes of
_ mesospheric diurnal variations.

Due to the temperature dependence of rate constants in the middle atmosphere, temperature
decreases can result in lncreases of upper atmospheric ozone in regions approaching
photochemical equilibrium [84]. Other processes can also lead to negative correlations
between ozone and temperature [105]. The sensitivity of ozone to temperature variations
reaches a maximum value near the stratopause of about 2% Increase in ozone per Kelvin
decrease i{n temperature. Shown in Figure 18 1s an example of the negative response of upper
stratospheric ozone to temperature variations (73]. Shown is the negative correlation
between zonal mean temperature and ozone from 2 mb Nimbus 7 LIMS measurements within 20° of
the equator. In addition to the stratospheric ozone response, the mesospheric ozone is found
to be strongly affected by temperature variations [20].

- 8. RECENT RESULTS

The inversion algorithm for the SAGE ozone data has been refined and the resulting SAGE data
was combined with the other satelllite data sets and used to generate improved reference
models [124]. However, the improved models are within 5% of the tabulations provided here.
Also Included in [124) are latitudinal seasonal models of nightside mesospheric ozone based
on the Nimbus 7 LIMS data. Results concerning recent trends in column ozone and ozone
profiles are summarized in the most recent Ozone Trends Panel report {125]. This report alsc
identifies biases between measuring instruments.
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ABSTRACT

Improvements are provided here for the ozone reference model which is to be incorporated
in the COSPAR Internationa) Reference Atmosphere {(CIRA). The ozone reference model will
provide considerable informatton on the global ozone distribution, including ozone
vertical structure as a function of month and latitude from approximately 25 to 90 km,
combining data from five recent satellite experiments {Nimbus 7 LIMS, Nimbus 7 SBUY. AE-2
SAGE, Solar Mesosphere Explorer (SME) UVS, and SME IR). The improved models described
here use reprocessed AE-2 SAGE data {sunset) and extend the use of SAGE data from 1981 to
the period 1981-1983. It is found that these SAGE data agree at all latitudes and months
with the ozone reference model within 15 percent and result in modifications in the
reference model of less than 4 percent. In the mesosphere, a model of nighttime
conditions (= 10 p.m.) has been added using Nimbus 7 LIMS data belween pressures of 0.5 mb
to 0.05 mb (~ 54 to 70 km). Minimum nightside ozone mixing ratios occur at about 0.2 mb
(» 61 km). The ratio of nightsirde LIMS data to dayside (= 3 p.m.) SME data gives diurnal
variations as large as a factor of 6 at the highest levels. At 0.1 mb {= 66 km), thc
night-day diurnal variation can exceed 3 and maximizes during solstice periods near 45
degrees in the summer hemisphere and near the Equator during equinoctial periods. This
may largely result from the dayside ozone being more strongly photodissociated by the more
directly incident summer sun at mid latitudes and the equinoctial Sun at the Equator.
Comparisons are shown between the ozone reference mode! and various non-sateilite
measurements at different levels in the middle atmosphere.

INTRODUCTION

An ozone reference model s being developed for incorporation in the next COSPAR
International Reference Atmosphere (CIRA). Previous versions of the Keating ct a). modcl
are described in the ozone chapter in the "Draft Reference Middle Atmosphere” published in
Map Handbook Number 16 /1/ and in editions of Advances in Space Research /2, 3, 4/. The
ozone vertical structure from = 25 to 90 km is determined by combining resuits from five
contemporary satellite experiments: Nimbus 7 Solar Backscatter Ultraviolet ({SBUV),
Applications Explorer Mission-2 Stratospheric Aeroscl Gas Experimeat (SAGE), Sclar
Mesosphere Explorer (SME) UV Spectrometer (SME-UVS), and SME 1.27 Micron Airglow {SME-IR).
Total column ozone is determined using Nimbus 7 TOMS data. Monthly standard deviations in
the zonal mean ozone are provided for both the vertical structure and total column ozone,
indicators of the interannual variability are given, and models developed by /5/ relating
vertical structure of ozone to total column ozone for low, medium, and high latitudes are
also included in the Keating and Young representation. A brief discussion is also
provided by Keating and Young 71/ of the various systematic variations in ozone which have
been studied, including the annual and semiannua) variations and quasi-biennial
oscillation, estimates of solar rotation and solar-cycle variations, diurnal variations,
longitudinal variations, possible variations with wvolcanic eruptions and nuclear
explosions, response to solar proton events, response to stratospheric temperature
variations, possible 4-year oscillations, and long-term trends.

In this paper, the models of vertical structure are improved using reprocessed AE-2 SAGE
data as one of the data sets for the period 1981-1983. Previously, only SAGE data from
1981 had been used. Also, models of the nightside mesospheric ozone are provided using
Nimbus 7 LIMS data from 0.5 mb to 0.05 mb (=~ 54 to 70 km). The reference model is
compared with various non-satellite measurements of ozone.

The pressure range and time jntervals of the data used in these improved models are shown
in Table 1.

37



38

TABLE 1 Satellite Data Used for Improved Ozone Reference Models

Instrument

Incorporated
Pressure Range

Incorporated
Time Interval

Nimbus 7 LIMS

Nimbus 7 SBUV
AE-2 SAGE

SME UVS

SME IR

Nimbus 7 TOMS

0.5 - 20mb
0.05 - 0.5 mb (night)
0.5 - 20 mb
5 -20mb
0.07 - 0.5mb
0.003 - 0.5 mb

TOTAL

11/78 - 5/79
11/78 - 5/79
11/78 - 9/82
2/79 - 11/81
1/82 - 12/83
1/82 - 12/83
11/78 - 9/82
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Figure 1. Comparison of ozone mixing ratios from five satellite experiments.

COMPARISON OF SAGE OZONE WITH REFERENCE MODEL (WORST CASE)
{PERCENT DEVIATION FROM MODEL)

) SEPTEMBER
5 - ——
b
\ [
A
\
N G |
e N M S~/
. [ K i \ e '
T AN Jf \ I8 F
n i \
g4 ' t/ !
al " i
a. ‘s
ST J \
! \x/SD b
i /\/\m Y
20\ -
20 -40 0 200 40 G
LATITUDE. deg

Figure 2. Comparison of reprocessed SAGE ozone data with improved reference model.
The percent deviation from the model shown here represents the maximum deviations
detected.



ALY R

(€53

IWARCH MU

e it mn et et R LRI S S e e N
~

2 S RN
.6 /"\_/ . ————

.o, % b onr L

.00} 00 ~_ (: -y _/"‘m\

.o1o} \ 010

RYYAS :

1

.
i
ui
in
N
v
[
m /,
1
C e
} S - - g b
=3 poul PO TN ¢ D SRR
N Y ] TS R T 1 TR ¥
LATTTUOL 100Gy LATITURC tO(G)
AR oLk

m)(-, A A L e S A S A mr-\y—, E R RS R R o S I gt ann el

i A L) ~- —
"~ . N
g e "y “\_,///‘ oo B \\’

o -~ - ~ ] : ~e ADD T~ ~— <
Bevhld S i DC?‘V\ |
Lror 4 I ]
£1u- R I Sy .

‘ L r —— 1

m-— L i‘ Ly L L |
ek [ R ) 4
| e T LT |

040, j‘ oy — ’
c’ﬂt Th— iy —— U"’}\‘x,mc /_ ﬁ
L1080 ———————— gl

! e ———— ~

, I | e s
NRAAY T T T T 00 — [Rrep— —— . i
200 T T 00 e _ O

| ! H |
yn‘» - b ')'Jl]r

i - et H
L T e 3 A0np e 200 T T
Dok S toa { i xJ -

3
)
|
|
-/

1000
‘ '—\\ ~ L
1300, /m\\\v 00 b
7.00n), BN SO0 - T 2
3 r)uo‘r " - { ) wo'//
. i \ ////7

$ 000} \ Ty $ .0
7.000 A\ > )/ g 1000
{
10 ooo[ N\ \/ 10.000)
\ 4 I
iy rmL \ N m/ 15.0m \
Py} 0

26 oot~ PN ot A N vow[.:,u et :
L ] 0 20 N9 [%] 0 -8 -LD  -x0 -0 0O
LACHTUOC 10 C LatiIung (oo

Figure 3. Improved reference model of ozone volume mixing ratios (ppmv).




41

COMPARISON BETWEEN KRUEGER-MINZNER MODEL
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.« Figure 4. Comparison between Krueger-
Minzner annual mean ozone model (45°N)
and model of ozone based on satellite data.
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COMPARISONS WITH SAGE

The Applications Explorer Mission-2 Stratospheric Aerosol and Gas Experiment (SAGE) used a
four-channel Sun photometer which measured solar intensity at sunrise and sunset to derive
ozone, aerosols, and NO, concentrations. Absorption of 0.6 micron solar radiation by
ozone allowed determination of the vertical structure of ozone to be obtained up to 30
times per day from February 1979 until November 1981. The early validation of the SAGE
measurements is described in some detail by /6/ and /7/. Recently, the algorithm for
determining ozone mixing ratios has been refined. We incorporate tkere a provisional
version of the refined (sunset) data which has been provided by the experimenter. The
data have been interpolated to the model latitudes, times, and pressures.

The reprocessed SAGE data is found to have very good agreement with the ozone reference
model. Shown in Figure ! is an example of the agreement between the five data sets used
to generate the models of the ozone vertical structure from 20 mb to 0.003 mb (» 25-90
km) . Note that the mixing ratio 1is displayed on a log scale to allow accurate
representation of the two orders of magnitude variation over this altitude range. It
should be recognized that each data set represent entirely different techniques of
measuring the vertical structure of ozone. The agreement shown is fairly representative.

The reprocessed monthly SAGE data 1s shown by right triangles and closely matches the
other data sets.

The vertical structure models are gqcnerated giving the 4-year mecan of the SBUY data a
weight of 2 due to the combinattion of extensive temporal and spatial coverage, while the
other shorter data sets are given a weight of 1. The resulting updated model is compared
with the reprocessed SAGE data in Figure 2. Over the latitudinal range of SAGE data
provided for September, the SAGE data gives values near the Equator which are less than 15
percent higher than the reference model. This is the worst case of all months and
resulits in less than a 4 percent modification in the reference model at 20 mb necar the
Equator for September. Thus, there are very small differences between this reference
model, which is available upon request, and the Keating and Pitts tabulation /4/.

The resulting ozone distributions for the equinox and solstice months are shown in Figure
3. Shown in Figure 4 is a comparison of the Krueger and Minzner /8/ annual mean ozone
reference model of 45N latitude, which is given in the U.S. Standard Atmosphere, 1976, and
the updated ozone reference model provided here. The Krueger and Minzner model is based
on rocket and balloon soundings and takes into account the latitudina) gradients in ozone
near 45N from Nimbus 4 BUY observations. As may be secen, there is good agreement between
the balloon and rocket model and the satellite measurement model, especially over the
pressure range of the SAGE measurements incorporated here.

NIGHTSIDE MESOSPHERIC MODEL

The SME mesospheric measurements from which the mesospheric ozone models are based are
dayside measurements (- 3 p.m.}. Observations and theoretical models show that
mesospheric ozone is higher on the nightside (Hilsenrath /9/; Anderson et al. /10/; Wilson
and Schwartz /11/; Lean /12/; Vaughan /13/; Remsberg et al. /14/; Allen et al. /15/;
Solomon et al. /16/: Green et al. /17/; Lobsiger and Kunzi /18/; Bjarnason et al. /19/).
The Nimbus 7 Limb Infrared Monitor of the Stratosphere (LIMS) (Russell /20/) ootaines
mesospheric measurements on both the nightside and dayside. The LIMS instrument, a six-
channel cryogenically cooled radiometer, had a number of channels to measure temperature
and various species and incliuded an ozone channel near 5.6 microns. Detailed validation
studies have been described by Remsberg et al. /14/. Solomon et al. /16/ have shown that
the LIMS dayside measurements of the mesosphere should be corrected for nonlocal
thermodynamic equilibrium (non-LTE)} effects. Shown in Figure 5 is an example of a LIMS
dayside profile before (LIMS LTE) and after (LIM5 NLTE) correction for non-LTE effects.
After this correction, Solomon et al. /16/ point out there was good agreement between
dayside LIMS and SME measurements. Shown in Fiqure 6 is the night-day ozone ratio based
on LIMS nightside measurements and the uncorrected (LIMS LTE) and corrected (LIMS NLTE for
two quenching rates) LIMS dayside measurements. As may be seen after the non-LTE
correction, the ozone ratio is in good agreement with the photochemical model. The
photochemical mode)l results shown in the figure employ the photochemistry in the 2-
dimensional model of Garcia and Solomon /21/. Since the correction for non-LTE effects in
the dayside mesosphere have not been applied to the LIM5 data as a whole, we have chosen

to use only the SME data to represent the dayside mesosphere and nightside LIMS data to
represent the nightside mesosphere.

Shown in Table 2 are the monthly nightside (ascending) zonal means of Kalman-filtered LIMS
ozone volume mixing ratios (ppmv) (Remsberg et al. /22/) from the LIMS Map Archival Tape
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{LAMAT} interpolated to the standard levels in the models. An "** is placed after values
where the error in zonal mean is estimated to exceed 20 percent. VYalues are shown between
0.5 mb and 0.05 mb (when available) from 60S to 80N. Values between 505 and 60N are near
10 p.m. At the highest latitudes, earlier local solar times occur.

Shown in Figure 7 15 the reference model for January, Equator. The LIMS nighttime values
from 1 mb to 0.05 mb are seen to depart from the dayside model above 0.5 mb (= 5S4 km).
Below 0.5 mb, little diurnal variability occurs due to the lower dayside 0/0, ratio at
lower altitudes resulting in less production of ozone on the nightside. In Figure 8, a
similar pattern 1is shown for January, 60N (winter). Again, substantial day-night
variations do not appear to occur below 0.5 mb. Referring to the table, it may be seen
that a minimum mixing ratio generally occurs on the nightside near 0.2 mb (= 61 km). As

may be seen in fFigures 7 and 8, a dayside minimum occurs at much higher altitudes, 75 or
80 km.

Shown in Figure S is the night-day ozone ratio for January, based on 1980 LIMS (= 10 p.m.)
and 1982-1983 SME (= 3 p.m.) data, as a function of latitude and pressure. It should be
taken into consideration that as opposed to all of the difference being diurnal, part may
be due to interannual variations and blases of SME data relative to LIMS data, even though
the agreement between dayside SME and LIMS in Figure 9 appears to be in accord with the
observed and predicted values given in Figure 6.

Figure 10 gives a detailed view of latitudinal-seasona! variations in the night-day ozcne
ratio at 0.1 mb {~ 66 km). Ratios at this level can exceed a factor of 3 and maximize
during solstice periods near 45 degree latitude in summer and near the Equator during
equinox periods. This may largely result from the dayside ozone being more strongly

photodissoctated by the more directly fncident summer Sun at mid latitudes and the
equinoctial Sun at the Eguator.

COMPARISON OF MODEL WITH OTHER MEASUREMENTS

It is of interest to compare the ozone vertical structure model, which is based on
satellite measurements, with ozone measurements obtained by other techniques. 1In Figure
4, a comparison has already been shown with the Krueger and Minzer (1976) model based on
balloon and rocket data. Shown in Figure 11 is a comparison with the satellite data modei
(47°N, annual mean) of the annual mean vertical distribution from czonesonde data from
Hohenpeissenberg (FRG) (48°N, 11°E) over the period 1967-1985 and from Thalwil-Payerne
(Switzerland) (47°N, 7°E) over the period 1967-1982, and the annual mean vertical
structure from Umkehr data from Arosa, Switzerland (47°N, 10°E), over the period
1955-1983. The three data sets were generously provided by R. 0. B8ojkov /23/

Considering that the ozonesonde and Umkehr data do not represent a zonal average, but do
represent conditions over a period of many years, the agreement is very good.

Over the period April 1984 to April 1985, a microwave radiometer was operated at Bern,
Switzerland (47°N, 7°t), measuring the therma! emission of the rotational ozone transition
at 142.2 GHZ to determine stratospheric and mesospheric ozone abundances in the range of
25 to 75 km. Monthly mean ozone partial pressures for Umkehr layers 6-10 were calculated
from over J00 daytime profiles. Shown in Figurc 12 (Lobsinyer ,/24/) are the cerulting
ozone profiles obtaincd by the microwave measurements (solid line) compared with Umkehr
measurements from Arosa (dashed line), 20-year monthly mean Arosa Umkehr (crosses), and
the Xeating and Young /1/ ozone reference model (open circles). The differences with the
reference mode! may oe partially due to iocal year-to-year phase shifts relative to the
zonal mean variations. Note the excellent agreement in the annual variation at Umkehr
levels 7 and & between the reference model and Arosa Umkehr (20 years) measurements.

A comparison with other information is also made between the annual mean of the microwave
measurements in Figure 13. Residuals are shown relative to the microwave measurements
(Lobsinger /24/). The solid line 1s the 20-year annual average of Arosa Umkehr
measurements, the dash-dotted 1ine the Krueger and Minzner /8/ model, and the dashed line
the Keating and Young MAP model /1/. With the exception of Umkehr levels 5 (~ 22 mb) and
14 (= 0.04 mb), the annual microwave measurements agree very closely with other
information.

An ozone measurement campaign was conducted at Natal, Brazil (6°S, 35°W) in March-April
1985, resulting in seven profiles from ROCOZ-A ozonesondes (Barnes et al. /25/). Shown in
Figure 14 is comparison of a mean of the ROCOZ-A czone measurements with the MAP Interim
Ozone Model /1/. Tnhe agreement is excellent, with the Natal measurements averaging 2
percent higher than the MAP model with a 3 percent standard deviation. The agreement
between ozone data in the mid-1980's with a model based on satellite data in the late
1970's and early 1980's has {nteresting implications concerning the amplitude of long-term
trends.
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DIURNAL VARIATION OF OZONE IN MESOSPHERE
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Figure 7. Diurnal variation of mesospheric ozone from satellite data. Comparison of ozone
reference model (dayside above 0.5 mb) with the LIMS nightside measurements (0.05 mb to 1 mb)
for Equator in January.
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Figure 8. Same as Figure 7 but for 60°N in January.
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Figure 9. Night to day ozone ratio for January based on 1980 LIMS nightside data and 1982-1983
SME dayside data as a function of latitude and pressure.
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Figure 10. Night (LIMS) to day (SME) mesospheric ozone rato at 0.1 mb (=66 km) as a
function of latitude and season.
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0ZONE REFERENCE MODEL AND LONG-TERM BALLOON AND UMKEHR MEA SUREMENTS
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Figure 11. Comparison of ozone reference model based on satellite data with annual means of
long-term balloon and Umkehr measurements.
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Figure 12. Comparison of monthly variations in ozone partial pressure from (a) microwave
measurements from Bern, Switzerland, (b) simultaneous Umkehr measurements from Arosa,
Switzerland, (c) 20 years of Umkehr measurements from Arosa, Switzerland, and (d) the ozone
reference model based on satellite data (from /24/).
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RESIDUALS FROM ANNUAL MEAN OF MICROWAVE MEASUREMENTS
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Figure 13. Residuals from annual mean of microwave ozone measurements from Bem,
Switzerland of (a) 20 years of measurements from Arosa, Switzerland, (b) The Krueger and
Minzner model /8/, and (¢) the ozone reference model based on satellite data (from 24/.
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AN INTERIM REFERENCE MODEL FOR THE VARIABILITY OF THE
MIDDLE ATMOSPHERE H50 VAPOR DISTRIBUTION
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ABSTRACT

water vapor is an important minor constituent in the studies of the middle atmosphere for
a variety of reasons, including 1ts role as a source for active HO, chemicals and its
use in analysis of transport processes. A number of in situ and remote techniques have
been employed in the determination of water vapor distributions. Two of the more complete
data sets have been used to develop an interim reference profile. First, there are the
7 months of Nimbus 7 LIMS data obtained during November 1978 to May 1979 over the range
645 to 84N latitude and from about 100-mb to 1-mb. By averaging radiances before
retrieval, LIMS random errors have been recuced, and the results have been improved and
extenged recently from 1.5-mb to 0.5-mb. Secondly, the ground-based microwave emission
technique has provided many profiles from 0.2-mb to 0.0l-mb 1in the mid mesosphere at
several fixed Northern Hemisphere mid latttude sites. These two data sets have becn
combined to give a mid latitude, interim reference water vapor profile for the entire
vertical range of the middle atmosphere and with accuracies of better than 25 percent.
The daily variability of stratospheric water vapor profiles about the monthly mean has
also been established from these data sets for selected months. Information is also
provided on the longitudinal variability of LIMS water vapor profiles about the daily,
weekly, and monthly zonal means. Generally, the interim reference water vapor profile and
1ts variability are consistent with prevailing ideas about chemistry and transport.

INTRODUCTION

water vapor (H,0) ts an important minor constituent in the middle atmosphere for several
reasons. 1t is a major source of the active chemical radicals, OH and 10,, which affect
the ozone distribution in the mesosphere /1/ and upper stratosphere /2/. ‘Water vapor
plays a significant role in the ion cluster chemistry of the mesosphere /3, 4/. Condensed
phase water in the form of nacreous or polar stratospheric clouds at high jatitudes of the
winter hemisphere s regulated by the water vapor mixing ratio and atmospheric
temperatures needed to reach saturation /5/. Similar constraints apply for the
noctilucent or polar mesospheric clouds that occur near the summer polar mesopause 16/.
The infrared emicsicn fron we*er -apar ‘o th- urner troposphere helps determine the
temperature aistribution at the lower boundary of the middle atmosphere. Water vapor also
contributes in a minar way to the radiative balance throughout the middle atmosphere 177.
For most of the middle atmosphere, water vapor can be used as a tracer molecule to
describe a net global transport or circulation there /8, 9/. Knowledge of the peak
mesospheric H,0 mixing ratio, the altitude of the peak value, and the rate of mixing ratio
decrease above the altitude peak 1s needed to validate chemical/transport models and to
gain an improved understanding of seasonal changes in the mesosphere f10/, Finally, the
long-term trend in middle atmosphere water vapor can be an indicator of trends in minimum
tropical tropopause temperatures, coupled with the effect in the upper stratosphere of the
increase in methane, which is a source gas of water vapor there /11/.

Russell /12/ presented a comprehensive review with references for those satellite and in
sity data sets that are generally available for defining the distribution of middle
atmosphere water vapor. The primary data source for those distributions was derived from
the 7 months of observations from the Nimbus 7 Limb Infrared Monitor of the Stratosphere
(LIMS) experiment which began operations in late October 1978. Data were obtained from
645 to 84N latitude and from about l-mb to 100-mb. Those data were supplemented with
results from the Grille Spectrometer on Spacelab 1 /13/ and the host of microwave
radiometer measurements of water vapor {e.g. /14/) to produce a Narthern Hemisphere mid
latitude reference profile for the winter/spring seasons from about 100- to 0.005-mb.
Profiles of water vapor by severa) different techniques from rocket soundings at high
latitudes of the Northern Hemisphere are a'so available {e.g. /15/), and they may be used
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to supplement LIMS results above 1-mb. The rocket data and techniques were reviewed in
17/. Because those soundings have occurred sporadically over a 10-year period, no attempt
has been made to develop 2 reference profile of water vapor variabtlity for the high
latitude mesosphere. Information is lacking on mesospheric water vapor measurements at
low latitudes or in the Southern Hemisphere. Finally, measurements of water vaper using
balloon-borne and airborne techniques have provided considerable information about the
water vapor profile in the mid to low stratosphere /2/. In particular, Mastenbrook and
Gltmans /16/ report a 16-year time series of measurements using frost-point hygrometer
soundings near Washington, 0.C. A similar series 1s now avallable for 1981-19B6 from
measurements at Boulder, Colorado /17/.

Although a climatology of middle atmosphere water vapor has yet to be achieved, there is
now sufficient information for establishing a reference model for some latitudes and
seasons. This model 1is heavily weighted by the extensive LIMS data set (see /12/ for
details). Tabulated reference profiles are given in this paper, along with their
estimated uncertainties. In addition, new information is presented on the longttudinal
variations about the zonal mean profiles, on the monthly variations of the zonal mean
distributions, and time series of the zonal mean and wave amplitudes on a pressure
surface. Variability of mesospheric water vapor on daily to seasonal timescales is also
presented using data from ground-based microwave radiometers at Northern Hemisphere mid
latitudes. A1l of these results should provide adequate information about middle
atmospheric water vapar for tnitial scientific studies and for use in comparisons with
modeled distributions of water vapor and the association of the HOy and Oy chemical
families.

MONTHLY ZONAL MEAN LIMS WATER YAPOR DISTRIBUTIONS

The quality of the individual LIMS water vapor profiles (LAIPAT tapes) archived at the
National Space Sciences Data Center (NSSDC) in Greenbelt, Maryland, has been discussed in
/12, 18, 19/. An extensive study was conducted to validate the LIMS data and to establish
any limitations of the results. Table 1 from /12/ summarizes those results and 1is
reproduced here. Note that the measured precision in orbit (geophysical plus instrument
effects) is about 0.2 to 0.3 ppmv from S0- to 2-mb, decreasing to 0.7 ppmv at 1-mb.
Single praofile accuracy at mid and high latitudes vartes from 30 percent near the
stratopause to 20 percent in the mid stratosphere and 37 percent at 50-mb. Accuracy
estimates are better for zonal mean LAIPAT profiles, becoming 27 percent, 17 percent, and
20 percent, respectively 120/.

Russell et al. /18/ noted that there is an apparent diurnal variation in water vapor {day
values higher than night values) of as much as 1 to 2 ppmv near 1-mb, decreasing to
0.2 ppmv near 10-mb. Kerridge and Remsberg 121/ have found that the probable explanation
for the difference is the presence during daytime of small radiance contributions from
vibrationally excited water vapor and, especially, KO, at the long wavelength side of the
LIMS water vapor channel. Correction for these effects in the retrieval eliminates the
bias between day and night water vapor. Because corrections for these mechanisms have not
been applied to the archived data and because these mechanisms are inoperative at night,
we have chosen to present LIMS reference profiles and varfability using only nighttime
water vapor data.

Over most of the stratosvhere, the sther principai sysiematic erroi in wate, vapor is due
to bias errors in temperature through the retrieval. Such biases can affect either night
or day data. An extreme example of this occasional problem was pointed out in 1221,
Figs. 6c and 7, for a situation when large vertical and horizonta) gradients in
temperature extsted at high northern latitudes in early February 1979. The effect on
water vapor there is of the order of several ppmv. On the other hand, a much more
prevalent, positive temperature bias occurs near the tropical tropopause. That bilas is
estimated to yield water vapor values that are too low between +15 degrees latitude by
about 0.3 ppmv at 50-mb and 0.6 ppmv at 70-mb, with only half that bias at 125 degrees
latitude /19/. However, no such corrections have been appHed to the archived data.

The monthly mean profiles derived from the archived vertical profile tapes (LAIPAT) were
presented for the latitude zones 325-56S, 285-28N, 32N-56N, and 56N-84N in /12/--his
Tables 4 and 5. The average profile for 2B85-28N was adjusted for the temperature bias
effect at 50-mb and 70-mb. Results for each latitude zone have been interpolated 1inearly
in log pressure to yield the reference profiles in Tables 2 and 3. The zonal mean
distributions are shown in Fig. 1 (a through g). similar figures have been produced from
the LIMS Map Archive Tapes (LAMAT) at NSSOC 723/, and a detailed description of that
product is given in 1221,

Tables 2 and 3 also contain information about the standard deviation of the daily
nighttime zonal means about the monthly nighttime z0na) mean and, in general, the changes
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TABLE 1 LIMS W,0 Estimated Accuracy and Correlative Measurement Comparison

Statistics

Measured
On-0rbat Estimated [Comparison with Correlative Measurements*
Pressure Precision Accuracy
{mb) { ooy ) {1)1 Mean Difference {X) KMS Difference (X)
5 0.2 24 -20.9 41.1
? -18.0 47.2
10 20 - 6.5 24.8
15 7.1 28.7
20 16.3 23.5
Ju OYJ 23 21.4 27.6
50 37 10.1 28.4
70 - 7.7 78.8
100 Y 39 18.6 28.9

1Based on measured instrument parameters and computer simulations based on 13
tomparisons with balloon remote and 1n situ H,0 measurements.

"Based on 13 comparisons with balloon remote and {n situ H,0 measurements.
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Figure 1. LIMS Hp0 zonal mean pressure versus latitude cross section for
descending orbital data. Countour interval 0.5 ppmv. (a) November, (b)
December, (c) January, (d) February, (3) March, (f) April and (g) May.
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are very small. Figure 2 (a,b) shows those results for the months of November and May.
Zonal mean deviations are minima) in the mid stratosphere, and they are a bit smailer for
late autumn versus late spring, possibly due to a stronger net transport during late
autumn.

Day-to-day zonal mean variability in Fig. 2 near 1-mb s about 15 percent, which is larger
than expected for the real atmosphere. . However, a significant fraction of that
variability is due to random error in the measured radiances and from uncertainties in the
retrieval at the tops-of-profiles. According to /18/, radiance signal-to-noise (S/N) for
individual profiles is only about 2 to 3 at l-mb. In fact, varfations near 1-mb may be
more indicative of data quality there than tindependent simulations of known LIMS errar
mechanisms. 1In that regard, it is also noted that variability at i-mb decreases at 605 in
November (Fig. 2a) and at 60N in May (Fig. 2b).

Seasonal mean mixing ratios are given in Table 4 from the LIMS data, along with the daily
variations about the seasonal means. If one compares the northern and southern mid
Vatitude zones (32-56 degrees latitude), it {is clear that more change s occurring in
winter versus summer, i.e., standard deviations are larger by a factor of 2 in winter.
This difference is most likely related to the relative absence of net transport due to
stratospheric wave activity in mid latitude summer /24/.

Changes in the monthly zonal mean water vapor cross sections (Fig. 1) occur smoothly with
time over the 7 months. In fact, the November and May distributions are nearly mirror
images. Between 10-mb and 1-mb, the largest change in the distribution occurs from
January to March at a time when the diabatic circulation 1s undergoing a similar shift
/25/. These changes in the net circulation are also being influenced by strong gradients
in radiative cooling in the Northern Hemisphere in response to the paleward heat transport
by enhanced planetary wave activity.

Seasonal changes are also apparent at mid latitudes of the lower stratosphere, but water
vapor variations at the tropical hygropause are less apparent from the zonal mean data.
Tropical forcing due to the semiannual oscillatien {SAD) is most pronounced in late winter
to early spring, which must contribute to the appearance of a double minimum in water
vapor near 7-mb on efther side of the Equator during April and May /26/.

The relative water vapor maxima near 1-mb and above and between 60N and 84N in Januvary and
February 1979 (Fig. 1 c,d) are not believed to be real for the following reasons. The
production of nitric oxide (NO) by auroral particle precipitation followed by partitioning
between NO and NO, and downward transport by the mean meridional circulation in the polar
winter mesosphere has been analyzed /27/. Kerridge and Remsberg /21/ have shown that the
vibrationally excited emission from this relatively large amount of mesospheric NG, in
polar night must be accounted for during the H,0 retrieval in order to give accurate water
vapor levels. After correcting for these effects, the water vapor values are not elevated
there, and they appear to be more in line with the idea that there is a net downward

transport of relatively dry air from mesosphere to stratosphere at high latitudes of the
winter hemisphere /28/.

Gleobal-average estimates of th2 'IMS water vapar have been prepared for December-January-
February and March-April-May, along with estimates of accuracy in the zonal mean (Fig. 3).
Water vapor values for each 4 degree latitude zone are multiplied by the fractional global
drea due to that zone, followed by a sum over all zones, to yield an area-weighted profile
for comparison with one-dimensional models. Mixing ratios at 645 were extended to 90S and
values at 84N were extended to 90N, but because those areas represent only 5 percent of
the globe, the uncertainty due to the extrapolation is small. The average mixing ratio 1s
nearly constant at 4.4 ppmv from 30- to 5-mb, decreasing to 3.5 ppmv at 50-mb. Mixing
ratios increase from 4.4 ppmv at 5-mb to 5.0 ppmv at 1.5-mb, consistent with the idea of
methane oxidation as a source of water vapor in the upper, stratosphere (see also /19,
29/7). The estimated accuracy at 1-mb is poorer than the difference between the mean
values at 1-mb and 1.5-mb, so interpretations of the increase from 1.5- to l-mb are not
meaningful; this is not the case at 50-mb.

Prior to the existence of the LIMS data set, there was still some uncertainty about the
magnitude and even the sign of the meridional gradient of water vapor. Given the
precision, accuracy, and general physical consistency of the LINS water vapor, there is no
reasan to doubt results such as those displayed for 2 January 1979, 1in Fig. 4, where
meridional gradients are shown at 50-mb, 10-mb, and 3-mb. Based on current understanding
of the measurements, the only caveat to these gradients would be a probable H,0
underestimate of 0.] ppmv between +15 degrees latitude at 50-mb.
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Figure 2. LIMS H,O standard deviation (ppmv) of daily zonal mean profiles about the
monthly zonal mean. (a) November and (b) May.

TABLE 4 LIMS Zona) Mean H,0 Profiles (ppmv) t Standard Deviation of the Daily Zonal Mean about the
Seasonal Mean for various Latitude Bands for Northern Hemisphere winler (November, December,
Janvary) and Spring (HMarch, April, May).

m
Pressure| 32°N - 56°N** 28°S - 28°N* 32°N - S6°N S6°N - BA'N

{mdb) Surmer |Autumn |Winter |Spring |Winter |Spring [Winter |Spring

4.9%.29[4.52.42]5.2£.4115.12.37|5.0£.49|5.44.274.61.61]5.2¢.38
4.9:.23]4.32,35{4.92.32(4.9¢.29]4.84.38{5.21.2714.42.5115.01.38
4.81.16[4.22.30/4.62.26(4.62.2214.62.33[5.12.27(4.62.46(5.02.20%
4.71.13{4.21.2414.21.2004.32.17(4.52.28(4.92.21(4.71.42(4.91.26
4.62.1204.32.20(4.02.17[4.02.14(4.42,2614.02.1714.72.1914.92,20
4.74.11]4.62.17|4.12.14]4.02.1214.62.26{4.72.16(4.92.39(5.04.16
4.7:.1214.82.1614.25.12}4.01.10(4.72.2314.72.14]4.94.3615.01.14
4.7:.13(4.9£.16}2.82.14[3.02.13[4.62.22[4.72.12}4.92.30]5.22. 18
9.98.17[4.52.3212.82.16(2.72.1714.22.27|4.12.18|4.82.35]|5.1¢.24
3.7¢.2404.32.4712.74.2902.5¢.31]4.22.32(3.92.27|5.12.41[5.12.20
4.3:.33(5.2¢.62(3.72.54]3.72.57 5. 1£.53[4.52.39]6.22.64|5.71.44
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"Wixing ratios at the 50-mb and 70-mb levels have been jncreased by 0.15
and 0.3 ppmv, respectively, to account for water vapor bias effects
described in /18, 19/.

*"Ihe November, December, and January average is susmer in the Southern
Hemtsphere and March, April, ang May 15 autumn.




58

MIXING RATIO (FPMV)

10} o p¥ ——
'5-—O-MAM ®
2 ®
3 —B—
B ©
g T ©
ﬁ 10k —O—
* 16 (€]
st &)
50+ D
70}
0% 7 7 € ]

WATER VAPOR {ppmv«]
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ZONAL VARIATIONS IN LIMS WATER VAPOR

Estimates of variations about the zonal mean have been determined from the archived LAIPAT
by calculating a 5-day zonal mean cross section and determining the standard deviation in
ppmv of the individual profiles about the mean result. Figure 5a is an example for 5 days
of data between 20-26 May 1973. These variations include both “noise* and rea) wave
activity. Minimum May standard deviations of 0.4 ppmv occur near 20-mb at lYow latitudes
and 1n the Northern Hemisphere when wave activity is expected to be weak. Varfations in
the upper stratosphere are related more to the noise associated with the low
signal-to-noise at tops of profiles, while increases in the absolute variations at 100-mb
and below are due, in part, to the fact that water vapor mixing ratios increase sharply at
these levels such that small variations in the pressure registration of the water vapor
radiance profiles have become significant. The larger standard deviations in the mid
stratosphere at 40S to 645 are most likely due to enhanced wave amplitudes there during
late autumn (see also /30/). Figure 5b is similar to 5a, but for 27-31 October 1978.
Again, the hemispheric mirror image is apparent between the two periods.

Water vapor variability is presented for another period, 1-5 February 1879, that was
dynamically active 1in the Northern Hemisphere. Figures 6a and 6b show results for
ascending (or day) and descending {or night} data at 5-mb and 50-mb. Note that regardiess
of the day/night difference of about 0.5 ppmv (not shown) that exists in the zonal mean
result at 5-mb and Equator, the standard deviations about the respective ascending and
descending zonal means are very similar $n Fig., 6a. At S-mb, there appears to be a
gradual increase in variability from 605 to North Pole. However, if the water vapor field
near S5-mb possesses weak meridional and vertical gradients (Fig. 1d), the effect of
atmospheric waves on the field will be unnoticed. Conversely, variations at 50-mb
(Fig. 6b) are nearly constant at 0.4 ppmv from €4S to 3JON, but by 60N, they have increased
by a factor of 3 to 1.2 ppmv. From Fig. 1d, one ¢an see that there are strong meridienal
gradients at 50-mb at mid latitudes of both hemispheres, so low stapdard deviations in the
Southern Hemisphere are indicative of 1ittle wave activity, while such activity is more
apparent in the Northern Hemisphere. For example, the north polar vortex is shifted off
the Pole in early February 1979, so a strong wave ! amplitude should be evident,
A time series of the wave 1 amplitude in ppmv at 5-mb and 50-mb was determined from the
zonal, Fourier coefficient form of the LIMS data set /22/. The fourier analysis yields
wave 1 amplitudes of 0.2 to 0.4 ppmv at S5-mb for day 100 (1 February) or about one-half
the variability in Fig. 6a. Figure 7 for 50-mb shows that the wave 1 amplitudes for day
100 are 0.6 to 1.0 ppmv from 60N to 80N, accounting for most of the variation in Fig. 6b.
Previous analyses have also shown good correspondence in the patterns of the large-scale
water vapor fields and coincident maps of geopotential height or potential vorticity, in
l1ine with fideas about water vapor being an appropriate tracer of transport processes
throughout the middle atmosphere /22, 31/.

VARTABILITY OF MESOSPHERIC WATER VAPCR

Information ahout mesospheric water vapor and 1ts variations is avatflable from two
extensive data sets. First, because of the analyses conducted in /21/, more confidence
can be placed in the lower mesospheric nighttime water vapor values reported by /32/ from
LIMS results (winter/spring 1978-1979) between 0.5-mb and 1.5-mb as retrieved from
specially processed, averaged radiance profiles, Secondly, sets of water vapor profiles
derived from ground-based measurements of microwave emission were reported for spring 1984
at Jet Propulsion Laboratory (JPL), California (34N, 50- to 85-xm) /33/, for winter/spring
1985 from JPL at 60- to B80-km by /34/, and for spring 1984 at Pennsylvania State
University (PSU) (41N, 65- to 80-km) by /35/. The microwave measurement technique and
earlier H,0 results are summarized briefly in /12/.

Bevilacqua et al. /33/ reported a monthly increase in water vapor of a factor of 2 at
75-km from April to June 1984, and they concluded that the change was due to a seasanal
variation in mixing due to gravity wave breaking. Comparisons of the 1984 and 1985
profiles at 34N indicate general agreement in shape and magnitude from 60- to BO-km.
Comparisons with data obtained in the early 1980's at Haystack Observatery (43N) reported
by /36, 14/, indicate slightly lower mixing ratios for spring than at JPL. Tsou et al.
135/ find a similar difference between the 1984 results at JPL and PSU, which they
attribute to latitudinal and/or longitudinal variations 1in the occurrence of breaking
gravity waves. Gordley et al. /32/ also found a definite latitudinal variation in LIMS
zonal mean water vapor in the lower mesosphere with values at 34N being greater than those
at 41N and 43N by about 1 ppmv. Thus, LIMS provides supporting evidence that there are
latitudinal variations in mesospheric water vapor.

An estimate of a mean water vapor profile in the mesosphere at Northern Hemisphere mid
Jatitudes has been derived for spring (April and May) from 1.5-mb to 0.01-mb by using the
radiance-averaged LIMS data from 1.5- to 0.5-mb, plus the microwave results above that.
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Table 5 contains the 2-month average, plus the monthly difference profiles from the
combined data sets. Data from Fig. 8 of /35/ were used from 0.1~ to 0.0l-mb, and LIMS
data prepared in the manner described 1n /32/ were used for 1.5- to D.5-mb. The average
values at 0.2-mb (near 60-km) in Table 5 were obtained from the Haystack results (43N} of
136/, their Fig. 2, plus the JPL results (Fig. 4 of /33/).

A REFERENCE WATER VAPOR PROFILE AND ITS VARIABILITY

A springtime, Northern Hemisphere, mid latitude water vapor profile and 1ts variability
were constructed from the data in Table 5 and from the mean spring results at 32N to 56N
in Table 4 from 2.0-mb to 100-mb. Variability from 2.0-mb to 100-mb for mid latitude
spring was derived by combining data on variations of single LIMS profiles about the 5-day
zonal mean as in Fig. S5, plus the varfation of the dafly zonal mean profiles about the
seasonal mean in Table 4. Variations from 0.5- to 1.5-mb were set to those at 2.0-mb,
since information on variability about the zonal mean 1s lacking for that region.
Varjations from 0.2- to 0.0l1-mb were derived by averaging the differences between the
April and May profiles at 34N, 41N, and 43N from /35/ and /36/. Figure 9 in /35/ contains
information about the larger water vapor variations for the datly time series for each
month, but because these variations were not tabulated, they were not included in the
variability for the refecence profile. This means that the real atmospheric variability
at those levels is being underestimated here. The final combined profile is given in
Table 6 and Fig. 8. It is also noted that this profile is somewhat different from the
combined profile in Table 7 of /12/ because that earlier profile contained an average of
several different kinds of mid latitude mesospheric measurements, it was derived as a
winter/spring average, and for the LIMS data, 1t only contained variations of the daily
zonal means about the seasonal means.

The profile in Fig. B contains only LIMS data, plus monthly averages of microwave emission
results, some of which were published in the past year. The profile is also only
appropriate for Northern Hemisphere spring. Nevertheless, this reference model! has a
constant mixing ratio of 4.7 ppmv from 30- to 7-mb, gradually increasing to 6.0 ppmv at
0.2-mb, then decreasing rapidly to 1.3 ppmv at 0.0l-mb, The determination of the vertical
position and magnitude of the peak mixing ratic at 0.2-mb must be considered uncertain
because the one sigma error for that measurement is about 1.5 ppmv /33/. Cbviously, more
mesospheric data are needed at other seasons and latitudes and longitudes before
additional reference profiles can be prepared for the middle atmosphere. Mean mixing
ratios decrease to 4.0 ppmv at 50- to 70-mb, reflecting the net poleward transport of
relatively dryer air from tropical latitudes.

DISCUSSION AND CONCLUSIONS

This analysis is an update of the review by /12/ on interim reference profites for middle
atmospheric water vapor. New emphasis is given to estimates of the observed variabflity
of stratospheric water vapor using the winter/spring data from the Nimbus 7 LIMS
experiment from 64S to 84N. Some initfal results obtained by averaging the LIMS radiance
data before retrieval are used to decrease the uncertainty in archived LIMS results from
1- to 2-mb, as wet] as to extend results upward to 0.5-mb. Monthly zonal mean LIMS cross
sections are shown to vary smoothly over the 7 months of the data set, and these results
plus global average estimates o/ the seasonal mean water vapor profile are physically
consistent with prevailing ideas about the sources, sinks, and mechanisms affecting the
water vapor distributions. Longitudinal variations about the zonal mean distribution are
generally small, except in the lower stratosphere where the meridional gradient in water
vapor {s also large enough to reflect the effects of transport and mixing due to waves
during dynamically active periods of the winter hemisphere. An extensive set of microwave
emission measurements of mesospheric water vapor is included, along with LIMS data, to
determine a mesospheric reference profile from 0.2- to 0.01-mb for Morthern Hemisphere mid
latitudes in spring. The observed variability for spring appears to be real and probably
is related to variations in mean vertical advection.

Several additional water vapor data sets are expected shortly. The most extensive will be
the multiyear, near-global data set from the Stratospheric Aerosol and Gas Experiment
(SAGE 11) underway since late 1984 /37/. This experiment is providing water vapor
profiles by solar occultation for the entire stratospheric altitude range. Data from the
Spacelab 3 ATMOS experiment in May 1985 should alsc be available soon, and they are
expected to extend from 20- to 80-km. Peter et al. /38/ will report H,0 results from 20
to 70 km and 45N to 75N for December 1986 using an airborne millimeter-wave instrument.
The stratospheric results are consistent with those from LIMS. In the near future, it is
also anticipated that permanent millimeter-wave emission instruments wil) be installed at
sites to be designated as part of a proposed Network for the Detection of Stratospheric
Change (NDSC). Based on the LIMS results in the lower mesosphere, it appears that the
profile at low latitudes is somewhat different from that at mid latitudes, so a continuous
measurement is needed there.



TABLE 5 Mesospheric Mean Water Vapor Profile for Northern Hemisphere Spring
at Mid Latitudes

Pressure {mb) H,0 Mixing Ratios (ppmv)*
0.01 1.4 £ 0.6
0.025 2.0 £ 0.6
0.05 3.3 £ 0.9
0.1 5.0 £ 0.7
0.2 6.0 2+ 1.0
0.5 5.9 t 0.6
0.7 5.5 ¢ 0.5
1.0 5.1 £ 0.3
1.5 5.0 £ 0.2

*specially averaged LIMS data are from 1.5-mb to 0.5-mb. Microwave data
are from 0.2-mb to 0.0l-mb. Vvariability is defined in the text,

TABLE 6 Mid Latitude Interim Reference Profile for 32°N - S6°N Spring
Obtained Using LIMS Data from 100-mb to 0.5-mb and Hicrowave Data
from 0.2-mb to 0.01-mb. Vartability i1s defined in the text.

Pressure (mb) H,0 Mixing Ratios (ppmv)
0.01 1.4 ¢ 0.6
0.025 2.0 £+ 0.6
0.0% 3.1 1 0.9
0.1 5.0 £ 0.7
0.2 6.0 ¢+ 1.0
0.% 5.5t 1.2
0.7 5.5 1 1.2
1.0 5.1t 1.2
1.5 5.0 ¢ 1.2
2.0 5.2 1 0.9
3.0 5.1 1 0.8
5.0 4.9 t 0.5
7.0 4.8 1 0.4

10.0 4.7 ¢ 0.4
16.0 4.7 1 0.4
30.0 4.7 t+ 0.4
0.0 4.1 2 0.4
70.0 1.9 2 0.5
100.0 4.5 ¢ 0.7
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Figure 8. HO interim reference profile for Northern Hemisphere midlatitude

springtime. Bars represent vanability of the data. Numbers in parentheses
represent estimated accuracies.

In the lower stratosphere, the time series of frost-point hygrometer measurements at
Boulder is continuing /[17/. Results will soon be avatlable from the comprehensive
tropical Stratospheric/Tropospheric Exchange Project (STEP) experiment conducted out of
Darwin, Australia, in early 1987. These data should be useful in defining the water vapor
fluxes, which contribute to the overall H,0 distribution in the hygropause region.
Finally, opreliminary results were reported from the 1987 Airborne Antarctic Ozone
Expedition (AAOE), along with some balloon-borne measurements of water vapor from McMurdo
Base during the National Ozone Expedition (NOZEZ) and the measurements from SAGE Il (see
/38/). According to the measurements, it appears that a separate water vapor reference
profile may be required for the special conditions assoclated with cold lower
stratospheric temperatures over the Antarctic region, at least during winter and spring.
Air for those periods is dehydrated with mixing ratios equivalent to those at the tropical
hygropause (2 to 3 ppmv). With the addition of these new data sets, it should be possible

to know the seasonal distribution of water vapor for the entire stratosphere and for
limited, but representative, locations for the mesosphere.
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PROPOSED REFERENCE MODELS FOR NITROUS OXIDE AND METHANE
IN THE MIDDLE ATMOSPHERE
F. W. Taylor, A. Dudhia, and C. D. Rodgers
Department of Atmospheric Physics, Oxford University
Clarendon Laboratory, Oxford OX1 3PU, United Kingdom
ARSTRACT
Data from the Stratospheric and Mesnspheric Sounder (SAMS) on the Nimbus 7
satellite, for the three yoalrs from January 197u-pecember 19tl, arve used to
prepare a reference model for the long-lived trace gases mcthane (Ci and
nitrous oxide (N,0) in tne siratosphere. The model is prescnted an tabular
form on seventeefl pressure surfaces from 20 to C.1 mb, 1in 109 latitude Lins
from 505 to 70N, and f[or cach month of the yoor. The mcans by whroh 1
data gquality and ynterannual variability, and some of the more 1nteresti: o
globally and seasonally variable features of the data are discussed beaefon
INTRODUCTION

N,0 and CH, are both important minor constituents of the stratosphere far

several reasons. Nesther agas has o knoun photochemical source dn thee
middle atmosphere, both originating near e surtaece by a variety of
processes whiiceh i1ncludes anthropogenic nourcoes inocach case /1. s hot

yases have tairly long lifciimes aqainst photochemical destruction {1rag g
from about a year for methane in the lower stratosphere to a few weeks fo:
nitrous oxide near the stratopausce), taecy are important tracers of the
transfer process across the tropupause and of the stratospheric mean o0 on’ -
ation. Methane is a source Of water vapour Jn the middlc atmospheroe o
result of a series of rcactions equivalent: to

= o
qu + 202 CO2 + 2 sz
while nitrous oxide is the main sonrce of srratnspheric Nﬂx Ly ooser e
eyuivalent to

2N.0 + 0, = 4NO
and subsequent rcacticns,

The Stratospheric and Mesospheric Sounder (saMS) made observaticns frov 3
Mimbus 7 spacecraft from 1978 to 1983. The SAMS instrument has been
described by Drummond et al /2/ and examples of the results from the experi-
ment are presented and discussed in the articles by Barnett et al 3/ ol
Jones and Pyle /4/. The last-named paper discusses the methane and nilrous
oxide observations in particular detail, including the retrieval of abund-
ances from radiance observations and an analysis of the error budget. i v
data used here are essentially the same as thuse used by Jones and Pyle,
with some reprocessing and considerable reformatting and manipulation. Qur
goal is to produce standard tables which represent the mean distributicn of
methane and nitrous oxide as 4 function of height, latitude and month.

DESCRIPTION OF THE MEASUREMENTS

SAMS is a nine-channel, limb-viewing infrared radiometer employing the
pressure-modulation technique /5/ to observe thermal emission from carbon
dioxide (for temperature retrievals) and five other atmospheric minor
constituents. Methane was observed in the J, band near 7.6 um and nitrous
oxide in the vV, band near 7.8 pm. Both .hannéls shared the same pyroele ctric
detector and t%e instrument had a 75% duty cyclic; hence the obscrvations of
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either species occupied about one-third of each menth on average,

The vertical resclution of the measurements is 8 to 10 km. Profiles were
actually retrieved at seven altitudes, including a fixed base value at 1.4
scale heights (250 mb). The other levels were 2.6, 3.8, 5.0, 6.2, 7.4, and
8.6 scale heights (75, 20, 7, 2, 0.6, and 0.2 mb respectively). Most of the
useful information is restricted to levels between 0.2 (0.6 for NZO) and

20 mb,

The SAMS N,O and CH, observations are not entirely independent,since their
spectral bgnds overiap and data from one species is required by the retrieval
program to determine the other. Vertical correlations are introduced by the
finite field of view of the instrument and temporal correlations by the
'sequential maximum likelihood operator' approach used far the retrieval /4/.
There is also some latitudinal interdependence in the data introduced by the
temperature retrieval algorithm /6/. All of these effects arc small, however,
especlially in monthly averages.

For the purposes of producing the present model, an additional filter was
applied to the data. The smoothing was based on a log (mixing ratio) grid
of 5 (altitudes) x 12 (latitudes) x 14 {(months), (i.e. feplicating January
and December at each end to ensure continuity in time). Each grid point was
then combined with a value obtained from the interpolation of up to 13 pairs
of adjacent grid peints, each reduced to 10% weighting., This gives a relat-
ively small amount of smoothing which removed a few rogue points and smoothed
out the sharper features which although real were prebably atypical,

The accuracy of the retrieved zonal mean as determined by Jones and Pyle /4/,
who combined conservative estimates of all of the known sources of error
including spectroscopic and retrieval uncertainties, and noise due to
instrumental sources and spacecraft jitter, varies with height but is at best
20% for CH, and 25% for N;0. The corresponding precision is ~ 3% for Cl

and ~ 6% for N,O. The 'confidence limits' established by the samc authoﬂs
for the verticgl range of the measurements is 20 mb (=25 km) to 0.2 mb

(> 60 km} for CH4 and O.6 mb (=53 km) for N,O.

COMPARISON WITH OTHFRER MIIASUREMENTS

The lower part of the SAMS retrieved profiles can be compared with balloon
measurements /7/, which extend up to about 7 mb and therefore overlap the
lowest two SAMS vertical resolution elements. Jones and Pyle /4/ made such
coemparisons and found that, while the ip-situ and satellite data agree quite
well near the top of the region of overlap, lower down discrepancies of
nearly a factor of two occur with the SAMS amounts being higher. More recent
measurements /8/ of both CH4 and N,O by a cryogenic sampling technigue in
1979, 1982 and 1985 confirm the diZcrepancy but its origin is still a mystery.
One possibility is the spectroscopic data used in te SAMS retrieval, which
may not include enough weal lines of the fundamental or some overlapping band.
This possibility is under investigation and the data set may be completely
revised at some later date. Foir the meantime, even if it can be assumed
that the responsibility for the discrepancy lies entirely with the satellite
datu, which is probably not the case as the in-situ data shows & considerable
scatter, we cannot correct our model without mrre information on the extent
to which the difference depends on (a) altitude, (b) latitude, (c) month,

and (d) natural variability of the atmosphere. We do provide, however,
(Table 1) a list of the estimated mean differences between the two kinds of
data for the latitudes and times at which comparisons are possible. It
should further be noted that, according to Schmidt /8/, not only the absolute
amounts but also the trend with time in late summer at 45°N is in disagree-
ment. Balloon data show lower abundances in October/November than in Sep-
tember, in contrast to SAMS findings. Again, the recason for this is under
investigation but in this case a spectroscopic explanation seems unlikely.

It also illustrates the risk of using Lhe ratios in table 1} simply as a
universal ‘correction factor',



Talile 1

Approximate ratios between_ SAMS data and mean values
trom an-situ dataZ7/ au 30 to 45UN
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Pressure (mb) (N0 3nzsitu/8AMG (£ﬂ1lip—situ’sh§§
20 0. 60 n.80
1% U. 60 Q.BY
10 U, i 0.93
7 and lowv.er ] .00 1.00

MODELS OF VERTICAL STRUCTURE OF METJIANE AND NITROUS OXIDL

Models were produced by averaging the SAMS data for the three year period
from January 1979 through December 198l and applying some smoothing. SAMS
actually made observations from shortly after launch on 24 October 1978 until
June 1984, but the early data conuists mainly of instrument checkout modes
while those obtained after March 1982 were rendered more difficult to inter-
pret by the volcanic dust injected into the stratosphere by the eruption of
£l Chichon and will renuire fui..er validation,

Averages were formed first by day and by latitude, the latter in 10° bins.
The daily data and their estimuted errors were then used to produce an error-
weighted average by month, before the corresponding months for the three
years were combined. Thereafter, the 'error' was taken to be the square ruos
of the greater of either the variance or the inverse sum of the weiyhts of
the contributing data. This approach brings in the standard deviation of

the profiles contributing to the mean. For any further manipulation of the
data, each point was weighted by the inverse square of this ‘'error', The
extension of the N,0 data to 0.2 mb was done simply by subtracting 0.5 from
the log (mixing ratio) at O.6 mb, accompanied by an increase in the variance
of the log mixing ratio of 0.1, i.e. an additional error in the mixinyg ratio
of about a factor of 2.

Table 2 gives the monthly zonal mean nitrous oxide and methane mixing ratics
in ppbv and ppmv respectively, as a function of latitude and height, for cacth
month. The height intervals are the standard ones chosen by Keataing and
Young /9/ for their model of middle atmosphere ozone. In the table, the
value for mixing ratio is accompanied by an indication of the uncertalnty of
the number due to instrument noise, to daily wvariance and to extrapclation
outside the 'confidence limits' for the original measurements.

DISCUSSION OF MAJOR FEATURES

A programme of scientific apalysis of these data in gning on, and in partio-
ular a detailed discussion ol the foatures present in tie time-averaged daia
used to produce the model tabulated here will shorrly aprear in a papey now
in preparation /10/. A scientific interpretation of the structure which
appears in the distribution profiles of stratospheric methane and nitrous
oxide is clearly beycind the scope of the present paper, btut the following
brief phenomenological description of the main features may assist one's
understanding of the model.

Firstly, the overall structurc secn in abundance charts for either Clig and
N20O is qualitatively the same, as winht te expected of long-lived specices
whose distribulion is controlled more by dynamics than chemistry. The
following remarks, therefore, apply to Loth gases, and always (in this paper)
to zonal mean abundances.

The highest ahsolute amounts occur towards the end of Summer, i.e, in Septem-
ber/October in the Northern Hemispherc and March/April in the Southern. AL
any given latitude, the zonal mean abundance tends to peak earlier at higher
altitudes, the opposite to the behavior to be expected if material from the
troposphere was simply being advected vertically. At high altitudes \(near
the 0.2 mb level) there is a pronounced semi-annual oscillation in the
abundances of CHq and N20 which, incidentally, is not present in the thermal
structure when averaged in the same wuy. Remarkably, this feature is present
in the Southern but not the Northern Hemisphere.
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TABLE 2

Monthly mean mixing ratios for nitrous oxide in parts per billion (109) by
volume (ppbv) then methane iu parts per million by volume (ppmv). An indic-
ation of the reliability of the values as a model of the actual amounts to
be expected in any given year is given by the letter following each entry,
These represent the standard deviation or standard error of the data making
up the value, as given in the key and described in the text. Absence of a
letter means less than ten percent deviation in the data. Annual averages
are qiven at the end of the sct of monthly means.

Average N O {rrbv) for JANUARY

Frese o Luuu_da_(;‘hl
{rh) T 40 230 -1 0 _410 420 110 440 _+50 +60 +70*
0ot v 0 Tose” 1?1417 1170 T 001 Tl G867 0.73% 0.eiY 03597 0667 |
0.15*) 024° ass’ LGP 138Y 1es® 1532 1037 1082 0.98° 0.83° 0.70° 0.67° 0.767
0.20°| 0.28° 066° 1.16° 1577 1.91° 1517 1182 1.19° 1112 0P 0.79° 0.77° 0.88°
030° 0377 0877 1.84° 2.00° 2.48° 1.96° 1520 181° 1.42° 1.21° 108¢ 1007 1.11°
04n*| 049° 115€ 2.04€ 277 3¢ 2.53° 1.96€ 192 1.82° 156 1.35€ 1.20C 1.44€
0.50%| 0852 1.52° 270° 3.68° 4167 3.28° 254 244 2.33¢ 2.02° 177 1.68€ 1.86
0.70 | 1.00° 2287 4.047 5547 6107 4817 3497 343%7 3200 2898 240F 240° 2.56°
100 | 145 305% 5417 7.02% 5342 6637 5017 4.44® 4147 3728 32718 299F 24a®
160 | 271 5047 817 12,967 1407° 11.327 8.322 6.83° 6077 5672 5108 4318 352C
2.00 | 5087 8.33% 14.35% 22.02% 23.73°% 19.34% 13.83° 10.49° 8917 8.64° 822° 623% 430C
3.00 [ 8.06° 12.53% 20.70° 31.40% 35.147 20.80% 21.83% 16.58% 13.847 13.07% 11.857 8.81° 6.15C
4.00 | 12.48Y 18527 29.3:% 43.82% 51.01% 45.027 37862 25.90° 21.297 19.52° 16.807 12.327 8 78C
19327 27.37% 4150% 6117% 74.05% 83.02° 52.557 40.44% 32.74% 29177 23.83% 17.23% 12.83C
7.00 | 42.23* 54.96° 76.97% 110.287 142 90Y 141 327114.87% 89.65% 70.797 80.14% 45.30% 32.10% 24.07¢
10.00 | 54.252 87.617 89.74% 1231.617159.907 165.77% 143.207 114.31% 9:.04% 81.08% 67.90° 50.73C 3558
15.00 | 82.36° 9550 115.912149.537 192,815 216 205 206.777 171 40V 142.575 133.38% 133.315 108.73 68.23C
20.00 | 125 04°134.90°149.71° 180.83% 232.555 282,197 208 567 257.012 220.83% 219.42° 261.73% 233,07 130.87C

g

Average N;0O (ppt+) for FEBRUARY

Press Latitude (*N)

(mb) -50° 40 -30 20 -10 0 +10 420 430 440 450  +60 +70
016*7 0547 1087 1407 130° 1057 0757 0.767 1.067 1.17° 0897 0680 0570 0490
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020 0707 1.39° 1832 1.74° 1427 103 102° 1310 1.49° 1152 0490 0.74° o0.e40
030°! 090° 178% 241 234€ 1.93° 1422 138 171 1900° 1.49° 1.16° o0.98° 0352
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070 | 2117 410° 6.09° 6.47% 5617 433° 3867 (¥ 437° 3.50C 292 250 2.20C
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Average N2 O (pphv) for MARCH

Proas. T Latitude [*N}

| (mb) | -50° 40 30 -20 -10 0 +10 420 430 440 450 460 +70°
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020% 1397 199° 239° 1717 101° 0710 084° 107° 1.35° 1.39° 0.96° 0.68° 0577
0.30°) 1.77% 255C 3097 227 1.38° 1.07° 1.4 1.42° 1.76° 1.80° 1.26° 0.90° 0.74C
0.40*| 2.24° 3.28° 3.98° 3.00° 1.89° 1.47° 1.56° 1.89° 2.30° 2.32° 1.64° 1.19° 097°
0.50°| 2.84° 4.20° 5.13° 8.97° 2.58° 2.03¢ 212° 251° 3.01° $.00° 2.1 157C 1.27°
0.70 { 3.76° 5.84% 7.35% 539% 411% 3277 3347 3827 443% 4287 327 21347 1.90°
1.00 | 401° 6.95% 952° 840°7 6107 486° 4.86°% 6.42° 5.967 b5.48% 4097 3207 2.5
150 | 445 9.29% 14.67% 14.77% 11.76% 9.30% 0.08% 9677 9.74% 8277 641® 5317 461°
200 | 4.94% 12.40% 22.60° 25.967 22.67% 18.147 16.95° 17.26" 15937 12.497 1008 9017 3.02°
5.00 | 7.83% 17.567 30.45° 36.50° 34.23% 28.77° 20.497 25.68° 22.50° 17.37% 14.15° 12.82® 11.74C
4.00 | 12.50% 24.70° 40.32° 50.00" 50.307 44.477 40.42° 37.33% 31.17° 23.828 19.50° 17.85° 16.80°
5.00 | 19.987 34.73% 53.39% 68.707 73.91% 08.73° 61.87% 54.26° 43.18% 32.65% 27.10° 24.857 24.06°
7.00 | 46.307 64.217 88.47° 120.00% 148.02% 148.617130.322 105.30" 77.107 57.55% 48.84° 45.57% (0.53°
10.00 | 02.52% 82.85° 107.63%138.50" 167.46° 175.08% 163.237122.257 91,127 71.13° 64.43% 64.82° 70.35C
15.00 | 103.147120.60” 149.22" 174.597 211.76® 230.07° 200.712 156.78% 120.16” 101.277 102.267 116.59° 140.14°
2000 | 170157193 73°206.89° 219.93% 267.13° 302.34% 262.907 201.06 158 45 144.18° 162,312 209.72° 279.147|

¢ Extrapolated from original data. Varistion in data <10%, >10%4, >20%®, >60%Y, >100%°



Average N1O {ppby] for APRIL

[Press. L. e _ —. _ L;“_“‘_‘E_(' N} .
(b} 50°  -40 -30 -0 -10 0 +10 420 430 440 +50 460  +70°

F o165 1677 1637 1210 050F 0370 0417 0537 0797 1037 1130 078 0437 0.29P
0.15°] 2087 18P 139¢ 069° 0.44° 047° 0627 091¢ 1.18¢ 1.20° 0.88% 0.49° 0.34°
0.20°| 231° 2082 1.60° 081° 051° 035 0.72° 105 1365 144€ 1.00° 0.57° 0.38°
oso*| 285° 266 2.11° 111€ 0m€ 075¢ 097° 1.3° 1.77° 1.82° 1271 0.14¢ 0.51°
040°) 3827 3.40° 278¢ 153¢ 098¢ 102° 1.30° 183¢ 231° 2.32C 1.61° 0.97° 0.67¢
050°] 435 435C 366 210° 135° 139 175€ 242 3.03¢ 2.4C 2.05¢ 1.27° o0.88°
070 | 585C 6.08% B5.47% 3407 2222 2227 2750 3687 4ue? 4127 2.88° 1877 1320
100 | 622C 7.47% 7882 5227 3537 3.43% 4P 52e° 0037 5270 3717 2542 1840
150 | T.28% 1054% 12.09° 10677 7.677 71.04® 802° 93587 9977 7.90° 5642 4.200 3€
200 | 8.53% 14867 22.03% 21.82° 16.66° 14.45° 15.65° 17.43° 16.48° 12.00° 8587 6.95% 5.63€
300 | 12.052 20.57% 30.46° 32.177 20.80% 24.16° 26.35° 26.35% 23.58° 16.952 12.33% 10.2¢° 8.60°
400 | 17.03% 28.17% 41.18% 45.95% 41.73% 39.20% 40.04° 38.89° 33.07° 23.61° 17472 14.812 12.85°
5.00 | 24.08% 38.587 55.60% 65637 64.99% 63.86° 63.22° 57.40° 46.39° 32.87% 24.76% 21.41% 19.20°
700 | 45.32° 68230 95.72° 123.768142.35% 150.63° 141.54% 114.00° 84.54% 59.49? 46.52% 41.94% 40.012
10.00 | 64.507 89.43% 117.4% 146.24P 167,378 175.90° 162.50° 128.417 97.02% 72.24° 61.99% 60.08% 60.44€
15.00 | 116 167 140.407 165.22¢ 193.152219.22% 227,798 204 545 158.38" 122.05° 103.58° 100 012 109,357 120 19°
20.00 | 209.179220 419232395255 10% 287.13" 294 987 257467190 437153637 146.49% 161.34% 109.03°239.037]

Average N,O (ppbv) for MAY

Press. Latitude [*N)

(mb) 50 0  -30 -0 -10 0 Y10 420 +30 440 450  +60  +70°
510° 1057 0850 0.59C 0380 U320 0380 0.59° 0930 1077 0920 0570 0377 0.337
0.45°| 1.21° 098° 0.68C 044° 038° 045° 0.68° 1.07¢ 1227 1.04° 0.65°2 0.42° 0.38°
0200 138% 112° 019€ 052° 0442 052 0.79¢ 1.22° 1.40° 1.18° 0.73° 0.49° 0.44°
030°| 1.81° 147¢ 105¢ 07¢° 061° 07m¢ 105€ 1.60¢ 182° 1529 0.9 0.63° 0582
040°] 2.36° 1945 1.3 096 0.85C 0985 140 2.10° 236° 1.95¢ 1.21° 0.83° 0.76°
0.50°| 3.09C 255 1.85% 1.30° 1.17C 1.33¢ 187 276 3.07° 2.50€ 1.55 1.08¢ 1.00°
070 | 450® 3807 2.86° 2097 1.92° 2147 2.89F 4127 4.48”f 3568 2228 1607 1.47C
100 | 6.828 §22° 4.257 328% 2098 326° 4242 5.77° s.90° 4.56° 288° 210° 1917
150 | 8948 5a7% 821° 693° 6287 ee1® 305® 10117 9.68® 6.90% 4.48° 336° 293°
200 | 13.72° 15.07% 15.86° 14657 13.197 13.39% 15.20° 17710 15.67° 10.43° 6965 5377 4507
300 | 19528 22.10° 24.22% 23.79% 22.13% 22170 .10 26.09° 22.22% 16.03% 10.29° 8.13% ¢6.92°
400 | 27.37% 31752 38.00° 37.467 36.07% 35717 37.307 37.29° 30.92°% 21.36" 14987 12.13° 10527
500 | 38.372 45.60°7 53.50% 59.00° £8.78% 57528 57.757 53.51° 43.052 30.368 21.817 18.09% 16.00°
700 | 70.72° 87 412 108.462131.715 130.20% 133.755 124.61% 101437 77 00 57.17% 43.03% 3732% sa21”
10.00 | 93 548 311379133412 154.22¥161.64%159.38% 145 712 118 535 92 48Y 73.38% 58.42° 52207 49.65°
15.00 | 149.06€ 106.78% 188 387 200.61° 207.36° 213.48Y 189,097 146,855 123.745 111.235 97.22% 91.76% 92.38€
20.00 | 237.54C 243 778 265.96" 260 95° 266,017 285,035 245.397 185085 165,55 188.60° 161 817 161.01¢ 111.590J

Average N20 {ppbv] for JUINE

Press. Latitude {*N)

{mb) T50° 40  -30 -0 -10 5 +10 420 430 +40  +50 460  +70° |
030°] 0270 0257 0.28° 0370 043 0520 0.78° 1087 1217 0617 0507 0477 0757
0.15°| 0317 0.30° 033 0.43° 0807 060¢ 090° 123° 1.38€  1.04° 0.87° 0532 0.84°
0.20° 038" 03<® 039 0407 057° 089° 1.03° 1.42° 1.57¢ 1.18¢ 0.65° 061° 09s°
0.30°| 0480 048 052° 0.05¢ 076 092° 137 181° 205¢ 1.52° 0.8 079¢ 1.21° |
0.40°! 0047 067 0717 088° 1.00° 122° 181° 248 2.68° 1.06° 1105 1.02¢ 1.54C
0.50° 0.88C 092 0977 1.13% 1322 181° 230° 3.24¢ 850° 2.83¢ 142 1.33¢ 1.95¢
070 | 1.37° 1507 1568 1752 2037 247% 3627 «84® 5007 3.80® 2067 192° 267C
1.00 | 218° 2368 2.45° 2682 3008 3807 5130 604l e66Y 4517 288° 247% s8¢
180 | 473¢ 5038 5200 546% 577" 8768 9177 1128 10.428 6.68% 4162 3752 411€
200 | 1026 1071 11.06% 11132 11.04% 12.70° 18.30" j8.07¥ 16.928 9.827 8457 s5.e8® 5.23af
300 | 16.78C 17.27% 18.60° 13.88° 18.520 20.80% 25.03% 27.42° 22.86% 14.20° 9.66% 8467 1978
100 | 23.38C 27.00° $0.97% 31.18% 30.217 32.33% 37.38° 38.60° 31.48° 20,558 14.25% 12.42% 11.76°
5.00 | 34.85C 42.20° 49.567 51487 49.282 50.99° 55.82° 54358 £3.36% 29.54% 21.037 18.23% 17.35°
2.00 | 70.547 93.82° 118.417125.362 117.582 114.67° 113.80° 00.81° 76.02% £6.71% 42.39° 36.5(% 35.16°
10.00 | 96.27% 121.89® 147748 154.99 146.207 141 99 136,39 116.42% 93.478 72.30" 56.197 50.14° 50.04%
15.00 | 161.667 188 53% 213,682 220,73° 210.452202.72° 180.84° 150.49°120.35% 108.36% 89.90° 84.95% 90.09°
20.00 | 271469291607 308.998 314.35° 302.81° 289.43% 241.56” 104.52° 178.99% 162.417 143.837 143.935 162.20°

* Extrapolated from original data.

Variation in data <10%, >10%*, >20%2, >50%°, >100%°
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Average N0 (ppbv) for JULY

Press. Latiiude {*N)
(mb) [T80° 4030 #0100 +10 430 4% 340 350 380 370

0.10°| 0.317 0.2¢7 0307 0437 0497 0.70° 1.19° 1.56° 1.52° 0.99° 0567 0.59° 0987
0.15%] 0.3s° 0.28° 036° 0.5 086° 0.80° 136° 179 1.73° 1.12° 0.84° 0.68° 1.10°
0.20*] 0.40° 0.32° 0.40° 0.89° 0.685° 002° 1867 204 197 128C 0730 0157 1.23°
030 0.51° 0.44° 085 077 0.86° 1.22° 2.04C 2.67 2865 105C 0.4C 0980 1.54°
0.40°| 066° 059° 0.74¢ 1.02° 1.14° 1.62° 268 348° 332 2.12° 121 1.23° 1.93C
0.80* 0852 08° 3100° 1.34° 152 2147 3.50° 488% 430° 2.74C 156 1.87C 2.4
070 | 1.25¢ 126° 157° 200° 2.28° 3.22° 5.6° e84 016 3877 2217 2177 335
1.00 | 1.76° 1.804C 2.24% 2737 3097 L 11® 6947 0P Ta1® 478% 2737 258° 3.36°
150 | 3116 3.43° 4.07% 456® 5177 7.45% 11.35° 1382 11.62F 8.80° 3897 3.35% 3730
200 | 5.50° 6.39° 7390 7.63° 8.82% 12.59° 18.577 2185® 17277 967 5557 (40® 14F
3.00 | 9.18% 10.70° 12.19% 12.73% 1420 19.627 27.44% 31117 20.01° 14.23% §52° 6.74° 6.26°
4.00 | 15.06° 17.527 19.70° 20.92° 23.30° 30.03% 39.82% 43.55% 34.02% 20.73° 1297® 10.30° 9.51°
5.00 | 24.63C 28.07% 31.83° 34.37% 38.01° 45.967 57.78% 60.95% (7.43% 30.21% 190742 15.72° 16470
7.00 | 60.34% 89.50% 75.33% 8379 91.30% ©8.57% 112.212110.75% 85.93% 50.44% 42.06" 33.86% 31.18°
10.00 | 90.09% 96547 103,507 115.377123.367 129.27% 135 485 128,097 104.06° 78.60° 56927 48.74° 48137
15.00 | 175.672106.94% 175.77€ 196.61°203.727 203.127 185 467 163.212 143.17% 116.92® 04.21% 89.46® o. 358
| 20.00 | 342.58%248 677208 497 335 05°336.42% 319.17% 253.887 207.98 196.975 178 467 155 955 164.19” 205.065

Average N2O (ppbv) for AUGUST

Presa. Latitude (*N)

{mb) ~50° 40 -30 -20 -10 0 410 +20  +30 +40 +50 <+60  +70°

T010°] 038T 0377 0417 0.687 0857 1087 1567 1617 1907 1317 079° 0527 034
0.15%! 065° 0430 047° 077° 0810 1P 1787 2187 2.18° 148° 009° 0807 0380
0.20*) 0.73° 0350° 0552 087° 1.10° 1417 2.03¢ 249 245 168° 1.00° 0877 0440
0.30°] 0.02° 0.68° 0.74C 1.12° 1.41° 1.83° 2,65 32 315¢ 2.14¢ 127 0.88° 0570
0.40°| 116° 001° 0987 145 1827 238 3457 2" 407¢ 27137 161° 1.009 0.74°
0.50°] 146 1.229 1339 187° 2.34C 3.08° 4.50° 5537 524C 348 204C 137 0.pe°
0.70 1.96° 1.83¢ 2.04% 2.70° 3.38% (517 6582 8078 7T48% 4802 2777 1458 3.332
100 | 228° 240° 2782 3.89% 451% 6.08® 8.81% 10612 980" 6007 3.20° 2.08° 1.5¢°
180 | 291 3.75C 4q00® 579° 7312 0.997 1431% 16767 14547 8.52% ¢07% 2.352% 1.94C
200 | 3.72° b5.887 7.83% 9337 11.86% 16.40" 23.24° 26.47° 22.04® 12.117 5.19° 3.06® 72.46C
300 | 6.17° 0307 12107 14.40° 13.00% 24.16% 32817 35887 20.57% 17.18° 3.03? (87° 3.6
400 | 10.22° 14.81% 18577 21.88° 26.89% 34.937 ¢5.46% 47.88° 39.03% 24.13° 12.42° 776" .06
§.00 | 16.93° 2336" 20.34% 33.24% 40.17° 50.50" €2.99% 63 39® 51.52° 33.09% 19217 12.387 953
7.00 | 42.23° 53.36” 6112 70.04° 83.00° 98.06% 113.107105.90" 85.03% €2.55% 42187 28.82° 21.70°
10.00 | 63.91C 79.04" 89.90% 101.79 114.70” 127.34% 140.02% 130.112 105.05% 81.00° 58717 ¢2.887 33.66°
15.00 | 127.53C152.159171.32€ 185875 196.667 196.80° 199862 183.37% 149.45% 124.64% 101.04% 83.15° 80.955
20.00 | 254.48€292.87C 326.26° 339.20° 337.19% 304.16% 285 277258 429 212.619 191.77% 177.00% 101.26® 145.38°

Average N;O (ppbv) for SEPTEMBER

Prees. Latitude (“N)
_(mb) -80° 40 30 -20  -10 [} +10 420 430 440 430 460 +70°

0.10° 0.917 0.827 0.697 0.867 0007 1.237 149° 1827 2.02° 1.86° 1.29° 074U 0437
0.15°) 1.05° 093° 0782 0.75° 1022 140° 1.70° 2.08° 2.31° 2.09° 1.43° 0.82° 0.49°
0.20°| 1177 1.06° 0.89° 0.86° 117 160° 1.94C 2.38C 263€ 2.36° 159° 0920 0.56°
0307 1507 136° 1185 113 1.62C 267C 253° 3.11° 3542 298¢ 197 116 0.73°
0.40°| 1.92°% 1.759 150° 1.48° 198C 260° 3.30° 407 444 3787 243 1.44€ 0%
0.50°| 248° 2.24% 1945 1947 259° 349C 4.20° 532° 5I7? 4.79C 3.00° 1.80° 1.21°
0.70 | 3.44° 3.17° 282% 2477 379% 508 6317 7817 831° 6.59F 3978 2317 159°
100 | 4.13° 3.97° 3737 394 5137 6.84° 8577 10.43° 10657 08.00° .84 2.58% 1538
1.80 | 5.63° 5787 59047 €657 8.49° 11207 14287 16.87% j6.30° 11.03% 6.00° 2.98% 428
200 | T.66° 8.41% 0478 11.29% 14047 18367 23.80% 27.30% 24.35°% 15228 7778 3.438 .32
3.00 | 10.94C 12.31% 14.00° 16.65% 20.90° 27.197 34.417 37.59% 32.50° 20.76% 11.15® §.32° 2237
4.00 | 15.49° 17.82° 20.38% 24.20° 30.52° 30.5¢° 8.79% 50.77% (2.92° 20.05% 15947 8.28% 3.86®
5.00 | 21.057 25.78% 20.65% 35.187 44.58% 57.55% €9.177 68.57° 56.51° 37.89° 22.77% 12.89% 6.67°
7.00 | 41.757 50.85° 58.75% 69.51% 88.48% 112.777120.872117.24 92.76% 85.40% ¢3.51% 23.79% 18.13°
10.00 | 64.68% 74.09% 84.427 99177 120.689 143,817 153.887 137.73% 113.10° 85.312 59.48° 42.36° 31.54°
15.00 | 194.14%139.677 154.49% 179.30° 202,487 215.68° 200,807 180.147 157.38% 132.84% 100.15 83.21% 79.40°
20.00 | 278.22- 263.29" 282.72°324.18 339.65C 323.452 277.94° 235.012 218.99° 206.86” 168.63° 161.547 199.87°

* Extrapolated from original data. Variation in data <10%, >10%4, >20%2, >50%°, >100%”°



Average N0 (py bv) for OCTORER

T Lataude (*N) )
| fub) [ -50F 40 -dw 20 =10 O 1lu 420 430 +40  +50  +80  +70°

e[ T2 T 0.0 0727 ouwe” 082D s aal 1T 107 1530 1257 0847 0827

0.1se] 1267 1227 082" 0707 poa¥ 102" v 1 as? Leu”  17% 1419 0.94° 0.59°

02000 1.43¥ 1.37° 0942 080° 1.07° 1.18¢ 128 1547 1829 1.98° 1859° 1.05° 0.66°

0.30°] 1.82°2 1720 1.23° 1077 1.40° 1.52C 1.68C 2007 2.36° 251€ 2007 1.32¢ 084°

0.40° 2327 2187 1807 1427 183° 1097 22117 2617 3047 1.21° 283 166 1.08°

osn*| 29s¢ 2.7sC 208 1.897 2131s¢ 2.61° 20 339 3.92° 412° 3.20° 2.10° 137

070 | 4.01€ 3.77° 3.0s® 287° 3517 386 4.29° 500° 56909 580° 4417 2837 183°

100 | 4567 4597 4.07P 3.96° 4742 5250 p.8c® 686° 7610 728% 837° 3307 14¢

150 | 85.64 6357 6587 680° 7.79% 8.75% 9858 11.61° 12377 10.64° 7.46° 4.25€ 2.15C

200 | 6.977 880" 10642 11.66° 12.837 14.59° 16.57% 19.67° 20.09° 15.54" 10.38° 5.48° 12.38°

300 | 10.89% 15207 15.56% 17.57% 20,187 23.447 26807 - 157 20507 21.59% 14.563% 7.08€ 3.72°

400 | 17.03% 19.65P 22.37% 25.96% 31.227 37.01° 42.61¢ 45335 39.92% 20.62% 20147 11.87° 5.84C

5.00 | 26.83% 20252 32.142 38.35% 48.30°7 58.467 67.75% 88168 55745 40.637 27.02% 18730 9.18¢

700 | §9.18° 59.848 81.957 77.31% 105 207131 63% 153 452 140.02%101.29° 71.89° 50.45° 33.019 21.02

10.00 | 75.74C 79.13? 83.38% 100.37% 132.03% 160.717 175 305 158.82¢ 123.17% 01.687 66.267 47.31° 34.21°

15.00 | 114.259126.06° 139.778 1565.075 192 797 224.147219.042 195.917 170.66” 137.50° 104.36° 86.187 77.047

20.00 | 172.347200.83C 224.35¢ 239 59€ 281,527 312612 273.60° 241.677236.48° 206.20” 184.37° 157.00 173.51¢

Average N,O (ppbv) for NOVEMBER

Press. Latitude (*N)

{mb) “50° 40 -30 -20 -10 0 +10 420 430 +40 450 +60  +70°
[T016°| 0297 0517 0677 0630 0737 071C 055 0850 0707 0.99” 0.85T 0.60° 0.61
| ai1s*] 0332 05, 0.76° 0.73% 084" 0.82° 062° 0.64C 080° 112 0977 068" o068

020° 03s° 0670 0.87° 0850 097 094 0.7° 03¢ 0929 128° 109° 0.77¢° o076

0.30°| 0517 088° 1.14° 1.13° 129¢ 1.23¢ 0.96° 068° 1.22° 1.65° 1.41€ 0.98% 0.%4

0.40°| 0.68° 1.15¢ 1.50° 1.82° 1.72° 1.62° 126° 129¢ 160° 212° 181° 1287 17

0.50*! 0912 150° 1.96° 203¢ 2.28¢ 213° 1677 172¢ 2.11° 27 128 1.60% 145

0.70 | 1.39° 2.21€ 2.89% 3.10° 3448 3185 2547 261°7 3.14° 387% 3277 2217 1824

100 | 1.95C 206C 3928 4358 4737 4377 3e8® 3.73% 424° 4% 4077 2607 1730

1.50 | 3.36C 4.84® 6.50% 7.65% 805 7.43° 669® 6742 7.03% 7.017 5877 3417 1590

200 | 5.8 7.90% 10.78% 13.45% 13.70% 12.65% 12.24° 12.20° 11.65% 10.15% 3.47°7 447 1477

3.00 | 917 12.117 18.2¢% 20777 22157 20.96® 20.47° 20397 19.00" 15.87% 12515 &.78% 12537

400 | 14.00% 18.257 24.04° 31427 35.19% 34.167 3353 33.42% 30.50° 24.58% 18.207 10247 4.45°

5.00 | 21.63% 27.50° 35597 47.51% £5.91% 55.68% 54.92° 54.75% 40.97% 38.08% 26747 15477 7.84¢

7.00 | 46.96° §7.43% 71.47% 98.612 126.69% 131.007 131.042130.73%113.14% 83.13% 53.19° 32.777 21.80°

10.00 | 86.48C 74.06° 85.447 112.39° 147.60 153.95° 150.248150.145133.677 104.57" 72.68% 8.32° 33,94

15.00 | 118.64°116.86° 115.062 139.76° 100307 190.19° 188,712 189.112 176 497 153.29% 122.19” 92.27€ 70.97°

20.00 | 211.730182.167154.948 173 817 245 588 257.712237.025 238 197 233.03% 224.71% 205.49° 176 21° 148.41°

Aversga N;0 (ppby) for DECEMBER

Proes. Latitude [*N)

{mb} -80* 40 -30 -20 -10 Q 10 420 +30  +40 450 460 +70°

0.10°] 0147 0317 0.60° 0977 1097 081C 038 0817 0577 0.77° 074C 0560 0807

0.15° 0.16° 0.36° 0707 1.11° 1.24C 093° 0685 059° 0.66° 0.87° 0.84° 064° 057°

0.20°0 0.19° 0412 081° 128 142 106° 075 0.67° 0.7 0.99° 0.84¢ 073° 0.65°
030°] 026° 0862 1.07C 1.67 1.36° 1.38C 098C 088 098° 126 120° 0.94° 0.84°
0.40°] 0357 075¢ 143€ 2.19° 2.43° 180° 1.28€ 1.15° 1.28¢ 1.62° 182° 1.21° 1.00¢

050°| 0.47° 1.01° 1.00° 2.86° 3.17° 2.35° 166% 1.50° 1.68° 2.00° 1930 156¢ 141

070 | 6.73° 1.56° 2897 4.26° 469% 3.47° 244® 2217 2457 2.89° 2.485° 2147 1387

1.00 1.08° 2217 404% 5907 643% (708 333 204% 318% 38507 31a% 2018 1.02°

150 | 2.05¢ 3.97% 7.03% 10162 10.90° B.06% 5377 4757 483° 5.13° 429" 2945 1.90°

2.00 3926 7.12% 12267 17.49% 18.46% 13.64% 9.34% 7.86° 7397 7347 579° 3687 208°

$00 | 6.63C 11.087 18.08% 26.14% 28.71% 21970 15552 13.20° 12.80° 12.10° 9.22¢ 5612 3128

400 | 10.95% 16.89° 26.09° 38.20% 43.84% 34.79° 25.48% 22.48° 21.98% 19.51° 14.62° 878° 4.80°

5.00 | 18.10% 25.79% 37.85% 58.077 66.938 £5.00% {1.78% 30.28% 37.75° 32.44° 23.19° 13.76% 7.97C

700 | 44.42% 54.57% 72.23° 109.70% 140.88% 124.40" 100.447 98.21% 98,132 78.26% §3.447 31189 1021

1000 | §9.11° 88,657 84.97% 120.20% 165.71% [45.08% 124.85% 119.727117.367 102.70° 78.127 47.35° 268.10°

15.00 | 95.19° 100 85C 111.407 140.27° 183.987 201.54% 179.407 |66 567 168.13% 161.52% 147.07C 06.15° 57.78€

20.00 | 153.20°147.56° 146.047 163 587 217,387 272 467 257.787 231,697 213.075 254.04” 276.89°191.25¢ 127.78°

* Extrapolated from original data.

Variation in datd <10%, >10%4, >20%®, >50%C, >100%°
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Aver
age CH, {ppmv) for JANUARY

Prese.
(mb)
_sol
0.10° U Lati
0.18° 014 012 0107 20 -1 0 itade ('N)
014 012 O 3.00F 0.100 310 +20
0.20 0 g 0.114 g o.1% +30
14 013 0.104 0.114 0.12% 0.1 +40
0.30 0.124 114 0124 124 0.12% +50  +60
0.40 g.uA 0154 0.144 g.n‘ 0124 0134 g.laA 0144 0134 011" 0.05F G08% +70%
.18 ' 184 . 144 ' 0.124 - 0.077 |
0.50 0.164 0.184 0,104 0.174 0154 0.144 0.104 07
0.164 184 0.194 174 0.174 144 0134 0.004 0.087
0.70 0184 0224 0214 0214 0.174 0.164 134 0.114 08
017 © 224 0.254 214 0.214 164 0.154 0.004 0.08"
1.00 224 0.284 0.264 0.264 0214 o 185 0.134 08
0.204 284 0.384 1204 0.264 194 0184 0.114 0.00°
1.50 0254 0.324 0.374 0354 0254 0224 . 0.184 -
0.244 324 040t 354 0.334 224 0.204 0.134 o
2.00 0.314 0404 0424 0 0304 0274 0. 0.194 -104
0.204 404 0514 404 0.384 274 0.254 0184 0124
3.00 0.384 0.50 0.54* 0.504 0.344 0.30* .254  0.234 .12
0.344 - 0.64 804 0.404 - 0.274 0.20° 0.144
4.00 0.444 0.50* 068 06 0.40* 0.354 o 0.26* 14
0.414 864 0.69 63 0.55 354 0.324 0.224 0.164
5.00 0.504 0.614 0.76 0.7 0.47% 0 - 0.304 .16
0.49 614 0.76 .70 0.63 404 0.374 0.264 o
1.00 0.574 0.674 0.82 0.7 0.5¢4 0474 o 0.35% ;0198
0.67 674 0.80 .78 0.71 474 0434 0.31° 0.23°
10.00 0.71 0.794 0.80 0.37 0.614 0.544 0414 0.35® -
A 3 . .35
15.00 0.764 0.784 0.834 091 1.02* 1.05 078 0.70 0.634 0.51* 0.434 0.404 0.28%
s 095% 0904 0914 0044 1.08% 1'“‘ 099 0088 0‘] 0.604 0.554 0' " 0.29°
1157 1.052 914 0.90% L14* 1. 1104 0994 82 0.7 " 454 0.32°
.05 1.004 14 1.314 . 0.924 0.724 0.584
1044 1 314 1814 114 1 0.60 584 0.417
324 1804 184 1124 0.834 0.604
3 1.574 1.422 . 1.118 g 0.56°
ress. 427 1350 1.03? 0958
Aversge C : 1378 952 0.94°
{mb) : ge CHy (ppmv) ¢ 1287 1290
0.10° 50" 40  -30 T FEBRUARY 207 1877
. 0.167 0.11% -20 - lln“d.‘(-N
0.1s* 117 0.08% 100 )
0.17% 0.124 § 0.08% 0.00% +10 +20
0.20 0174 124 0094 - 0.10% +30
P 174 0.134 00t 0.114 0.10% 0.10% +40
-30 0.174 0.10* o 0.114 0% 0.09% +80 +60
0.40 0‘174 0.154 0.144 g‘“‘ 0124 0.134 g'“‘ 0.114 0.10‘ 0.09%7 0.09F 0.08% +170°
.17 . .15 . 134 . 0.10% y 0.07%
0.50 0.174 D.184 0.164 0164 0.124 0.004 .07
0.174 104 0.204 164 0.164 a4 G ooy ool 0 s
0.70 0204 0.244 0214 0 0.154 0144 1140104 -07
0.184 244 0274 1204 0.194 144 0144 0.09% 0.08%
1.00 0.254 0.334 0.284 0254 0.19* 144 0.134 -08
0.204 334 0.404 254 0.244 0184 0474 0.114
150 0.28% 0384 0994 0347 0. 0.244 174 0.184 0.10%
0.25% .38 0.404 344 0324 0.234 0.214 0.134 »
2.00 0.344 0.454 0.334 214 0. 0.12
300 0.20% 0.424 8::: 0.564 0574 g'?‘ 0374 0374 3‘31: 0.284 o;:: 0.164 0.147
o 2.354 084 002 0.70* 0.724 °'°: 0474 0.4¢* o‘:(‘)a 0.314 0274 g»h: 0.182
} 414 ) 0.78 - 0.59 - 0.384 . 234 0.21°
5.00 0.53 0.794 0.544 0.324 .21
vwwwmmwmwwmw&mw
10.00 a5 o1 ost om vos ' e Tat ot ot oar 357 0.84
0.714 84 090 089 038 059 0524 0. 0.394
15.00 0.784 © 1.04 .83 0.76 1524 0.484 0.38%
0.832 .87 098 106 1.00 0.68 O g 0.454
20.00 0804 © 1.084 00 052 58 0.844 o412
» 03 1044 LR ] 644 0.814
0978 0954 0994 1074 LISA 1204 1124 1024 Ds;* 071  O.684 OHA 0.45%
1084 1214 146 1334 1204 4 0804 o7eA 634 0.54°
PR 1.03° 099% 1. 0.754 0.68°
Press. 140 1.20° 1.00° 1.00° .68
Average C. -20% 1.238 [ 0.99°
{mb) ge CH, {ppm 120% 1329
ks O T PL v) for MARCH : 1432
0.18° g IIA 5115 0087 -20 1o o atitude (*N}
0.2 184 0.124 0.08% 010X 0.1 710 +2
20 o184 0.00° 1070 107 0 +30
o 184 0.134 0.0p* 0.114 0.10F 009% 0.08 +40
o 0.184 0,174 o112 o114 0124 0114 0114 004 e AL
0.50 0194 0.214 g';;: 0154 016 g"’: 0124 0124 2-09: 009 o:g: 06T 0t
oo 3_1:: 0264 0314 g;;: 0.204 o-::‘ 0.154 0154 o.::n 010 0.094 g-g:: 0.08?
1 § . : 0.184 - 0134 o - 0.068
1.00 0.344 0.474 0.264 0.244 0184 134 0.114 -06
0.224 ATA 0434 244 0.234 0184 01e* 0. 0.00* 0.08°
1.50 0.364 0.354 0.234 164 0.144 -08
200 g.zeA 0.1t g‘:‘s’: 0.484 0.1 g'::': 0.304 o34 g::: 0200 0174 g::: 0.104
314 - 0.584 - 0.354 - 0.274 ) 3 0.134
3.00 0454 0.534 0.384 274 0.2 .13
€00 0.364 0.50% g: 0.70* 0.684 3:57 045 0404 g-“: 6.30* 0.2:: 0.19% 0.184
5.00 0414 0554 01 0764 0.754 0.01 0.58  0.58 043 0.364 0304 0.214 0.204
700 0.484 0614 0~11 0.814 0.824 0-79 0.66  0.85 053 044 0384 3‘21: 0.5
10.00 St ont o oar 0m o700 om2 b8 048 i o 0.324
15.00 064 0784 090 099 104 1'1)5 0.83 080 o.es 0.54  0.404 0’3’: 0.374
20.00 0.824 0.864 0.974 102 1084 1. "A 102 096 0'7’ 0.59 0.524 0.44% 0.43*
097% 0964 1. 1084 1184 414 1124 1054 84 0.70% 0.6854 0514 0504
1.044 .18 1.244 054 0.924 654 0.664
1184 1.224 1.314 1.234 . 0.824 y 0.684
224 1.394 214 1.084 0.704 0.764
1524 14010 1. 1.084 764 0.794
Al 1.26% » 1.004 0.974
1342 1817 p244 1.084
244 1404

* Extra
polated fro igi
m original data.

Variation i
ariation in data \<10%, >10%A4

>20%?, >50%C, >100%°




Average CHy {ppmv] for APRIL

Press. Latitude {°N)
{mb) 50° 40 -30 -0 -0 0 710 +20  +30  +40  +50  +60  +70°
0.10° 0.14% 011F 00¢% 009% 0112 011X 0.10% 0.10F 0.09" 0.09% 0608 006* 0.057
0.15° 0.154 0.12% 0.10° 0.10* 0.124 0124 0124 0.11* 0.10* 010* 008 008* 0057
0.20 0164 0.14% 0127 0.12% 0.134 0.13* 0134 0.12* 0.11* 0.114 009 0074 0.06°
0.30 0.174 0178 0.16% 0154 0164 0.16* 0164 018 0.15* 0134 0.114 0.08* 0072
0.40 0.194 0204 0201 0.19* 0194 0.19* 019 020* 0.19* 0.16* 0.134 0.10* 0.08°
0.50 0214 0254 0.264% 0254 0234 023* 024* 0.25* 0254 0.200 0154 0124 0.10°
0.70 0.244 0324 0364 0344 0304 029 031*% 0.34* 034 0.26* 019 0.154 0.134
1.00 026% 0344 0414 040 0354 033 035 0394 03184 029% 0214 0.18% 0.154
1.50 020 0.40* 0.49%° 0.50° 0.4%% 042 044 047 0.44* 0354 0.26% 0.22* 0204
2.00 0.34* 045% 0.58%4 0.63* 059* 054 085 058 053 042 031 028 025
3.00 0.39% 0524 0.85* 0714 0874 063 063 065 0590 047 037 033 031
4.00 0.45* 058 072 0.78* 0764 072 071 071 065 052 042* 038 037
5.00 0524 0684 0794 0864 085 082 080 079 073 0.58% 0474 044 045
7.00 0.68% OBI4 094 102 105 104 100 095 088 0714 0584 0.59* 063
10.00 0744 087* 099 106 109* 111 108 102 098* 0824 072* 0.74* 0.78
15.00 0.854 0964 1.084 1.14* 1184 1254 1254 1164 1.11* 1.064 1.044 1074 1134
20.00 0984 1.074 1190 1.234 1244 1.40% 1.434 1327 1.204 1.38% 1.43% 13564 1.624
Average CH, (ppmv) for MAY
Press Latitude {°N)
(mt) Z50° 40 30 20 10 0 +10 20 430 +40 +50 460  +70°
0.10° 0.05% 008% DI1X 0117 0.12F 6128 011X 0.11% 010F 0.09F 0.07% 0.067 0.06F
0.15°* 0.064 009" 0.12% 0.12% 0124 0134 0124 012* 0.11* 0.10* 008* 0077 006?
0.20 0.07" 0104 0134 0.13* 0.13* 0144 0144 C13* 013* 011* 0.08* 007% 0077 .
0.30 0.09° 0134 0154 0.15% 0154 0.1e4 0174 0174 0.16* 0.13* 010* 0.08* 0077 \
040 0118 015" 0.18% 0.174 0184 0.19* 0204 0214 020* 0.154 0.11* 0.00* 0.08° |
0.50 0.142 0194 0214 0204 0.214 0224 0.254 0.26%4 0.254 0.18% 0.134 0114 0.09°
0.70 0.20" 0244 0264 025 025 028 0324 0354 0334 0234 0164 0134 0.10*
1.00 0.23% 0284 0.30* 020* 030 032 0384 040% 0374 0204 0194 0154 0.124
1.80 0.30°7 0.36* 0.39* 0384 030 D041 0454 048* 0444 032 0.23% 0.19* 0164
2.00 0.38% D46* 050* 050* 060 0524 087 089 052 039 0204 02:4* 0214
3.00 0.454 0.534 0.574 058* 059 060 064 068 0585 044 0.34* 0204 0274
4.00 0.534 0614 0664 068 068 089 072 073 065 050 D0.39* 0354 0.3
5.00 0634 0704 075 078 079 078 08B0 0B 072 056" 045* 0424 0.40*
700 0.83* 089" 096 102 103 0% 098 09 086 070 060" 058 0.5
10.00 0.874 0974 104 108 1.0 1.08 1.06 100 0914 080* 0734 073 0.74*
16.00 0.944 1.10% 120% 1214 122 12¢ 1204 1094 1.00* 1.00° 104* 1074 1104 |
20.00 1014 1244 1.38% 1354 137 1424 1354 L1184 109 1258 1488 1874 1634 |
Average CH, [pm_fo_r JUNE
Press. Latitude (*N)
{mb) -50*° -40 -30 -20 -10 0 +10  +20 +30 440 450 +60 +70"
0.10° D06 010 013 0.12% 012 0.12% 0.12% 0.11F 0.10% 000 0077 006* 0.067
0.15° 006 010 0334 0134 0134 0134 0134 0.12* 0114 010 0.084 0074 0.07°
0.20 D07 011 0144 014 014* 0144 0144 044 0.134 0114 008* 0074 0077
0.30 0.084 0.134 U.16* 0.164 0164 0.174 0.184 0184 0.16* 0.13* 0.0 008* 0078
0.40 0.10* 0.144 0.184 0.18% 019 0.20% 0224 0224 0204 ©.184 0114 0.09* 0.08°
0.50 0128 0.18% 0.204 0214 0.224 0.24% 0274 0294 024 0.184 0124 0.10* 0.08°
0.70 0.15% 0.20° 023* 025% 027 030 0.36* 038 0.32* 023* 0.15* 0.n* 0.09°
1.00 0.18% 0.23% 0.274 029 0314 0.34% 0404 0434 0364 0264 017* 0134 o4
1.50 0.242 029 0344 0354 0334 0424 0494 052* 0.44* 0514 021* 0174 0.15*
2.00 0.32% 0.38% 0.42% 0.44% 0474 052% 059 062 0S5¢ 038 0264 0224 0204
3.00 0.38% 0464 0.514 0.52* 055 0.60* 067 068 060 044 0324 0274 0.25*
4.00 0457 0554 0.614 0614 063* 069* 074 075 086 050 0384 0334 0304
5.00 0538 Dest 0.72% 0.72* 0.734 079 0.83 082 073 057 046* 0.41* 0374
7.00 0.7 090* 1.00 0964 D964 100 101 086 087 073 064 060 055
10.00 0.854 1.02% 1.00* 1.044 1034 108 107 100 0914 0814 0754 073 071
15.00 1168 1274 1284 1194 1174 1.21% 1184 1074 0964 0.94* 0974 1024 1.10
20.00 1585 157% 1494 1364 1334 1364 1304 1154 1024 1118 1274 1434 17
* Extrapolated from original data. Varistion in data 0%, >10%4, >20%°, >50%C, >100%°
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Average CH, {ppmv) foe JULY

Frose. Latitude [*N) B
gmb) [TTFAT 40 T30 o260 T-10 T U 7410 7420 430 440 480 _ +60 _ +70¢
AT 008 010 0.z 0,37 012% 0127 002t 00¢F 0w 009 0.08° 0087 GoO7
0.18¢ 009 011 0I3* 013% 0131 0644 0134 0124 0114 0104 0094 0.08% 0072
0.20 OUY 011 O14% 014* 0154 014 084 a4t 012 014 LOY* 0.084 0.07°
0.30 00V 0.13* O.16* 0.17% 017% O.1v* 0.194 0.184 0.184 0.134 0.10* 0.09* 0.07°
0.40 009" 0.144 0184 0.194 0.21* 0234 0284 024* 0714 0.16% 0.124 0.0904 0.07%
o.ro 0104 015 020* 0224 0I8* OZRY 0azt 024 0274 010% 013 0104 0074
070 0412 0184 0.24% 0.27% ©31A 0.374 043* 0.434 0384 0.244 0.154 0.114 0.084
1.00 0.13®% 0.200 0.26° 0.20* 0.33* 0(.40* 0.48% 0.50* 0424 0284 0174 0.124 0.104
1.50 019° 0254 0.30% 0.3¢* 039 0.47* 0584 0.59% 0504 0334 0214 0.164 0134
2.00 0.26° 0317 0354 0.39% 0454 0554 0674 069 058 0.40* 0204 0204 0174
3.00 0.32% 0.384 042 0484 052* 0.62* 073 074 064 04684 0324 0254 0234
4.00 0.374 0454 0.514 0.54* 0.814 0.70* 080 079 070 0.534 0.384 0.324 0.29
5.00 0.44% 0.54* 060" 0.644 0.70* .70* 0.88 085 076 0.80* 0.464 0404 038
7.00 .60 0754 0.344 087% 092* 098 100 095 039 0764 065 06l 0.60
10.n0 082 083* 0984 098* 100* 1.uS* 106 100 092 083 D.74* 0.73 0.78
15.00 139 1304 1204 1134 1184 1194 1174 1.084 0984 0.94* 092* 008 1.15
| 2000 233 1834 1804 1324 1334 1384 1204 1174 1054 107° 1144 1334 12
Average CH, {ppmv} for AUGUST
Prese. Latitude (*N}
(mb) 80" 40 -30 -30 -0 O +10 420 +30 +40 450 +60 +70°
0.10° 000 010 o0.11 013" 013% 013¥ 012% 0.10F 0.10F 0.10F 0.117F 0.11F o0.11¥
0.18* 009 011 032 014 015% 0.18% 0.14* 0.124 0114 0114 0124 0114 0.107
020 010 012 014 015 0.16* 0177 0164 o014* 0134 0.13* 0.124 0.4 0.10°
0.30 011 014 037 0194 0194 0.214 0214 0.204 0.18% 0.164 0134 0.114 0.09°
0.40 0124 0.17% 0.21 0.23* 0.234 0.204 0.284 0.28% 0254 0.20° 0.154 0.114 0.084
0.50 0.13 0204 0.264 0.28% 0.284 0324 0.37A 0.39% 034 0.244 0.164 0.114 0.084
0.70 0.16°2 0.254 0.344 0.35% 0.354 0.42% 0.524 0.584 049* 0.32* 0.19* 0.11* 0.074
1.00 0.18% 0264 0334 0354 0374 0.45* 0.LU* 0614 0S24 0.34% 0204 0.134 0.094
1.50 0.24% 0284 0.334 0354 0414 0524 0824 068 0.57* 0.39% 0284 0164 0.114
2.00 0.3:1¥ 030* 0.32% 0304 0454 0.60* 0.70 0.71 062 0.454 0.264 0174 0154
3.00 0.37% 0.38* 0.324 0424 0514 066* 075 077 067 0.50* 0.314 0224 0.194
4.00 0.43% 0434 048* 0504 0.69% 0.734 0.81 082 073 0.56% 0.384 0284 0254
.00 0.50* 0.52* 0.54* 0.59* 0.684 0.79* 0.88 D088 079 0.62% 0454 0.36* 0.334
7.00 0.674 0.72* 0.75* 079 0.87% 094 1.00 100 090 0.78* 0.634 0574 053
10.00 0.874 0.80% 0.844 0864 0.054 1.02* 1.084 1.044 0964 0.834 0.72% 0.684 0.8t
15.00 1364 1164 1.024 1.00* 1104 1174 L1164 1124 1054 0.064 0834 0914 1084
20.00 2134 1564 1244 1174 1384 1344 1264 1194 1164 1114 1.084 1234 1644
Average CH, (ppmv) for SEPTEMBER
Prese. Latitude [*N}
(mb) ~60* 40 -30 -20 ~-10 0 +10 420 +30 +40 +50 +60 +70°
0.10° 0107 0.10%F 0.10% 0.13%F 0.1¢F 0.14¢F 0127 0.10F 010% 0.13% 0.18% 6157 o018
0.15* 0.117 0112 0.12* 0.14* 0164 0.16% D14 0124 0124 0.144 0.164 0184 014
0.20 0122 012* 0.43% 0164 0174 0.184 0.164 0.14* 0.14* 0.16* 0.17% 0.154 0.13
0.20 0.13% 0.15* 0.174 0.19* 0.214 0224 0214 019* 0.19* 0.20* 0.19* 0.164 0.11
0.40 0.15%2 019* 0.32% 0.2¢* 0.254 0284 0284 0274 0364 0.254 0214 D14* 01
0.50 0.184 0.244 0284 020* 0314 0.34% 0364 0374 0364 0.32* 0.23* 0.14* 0.08
0.70 0.214 031* 0.38% 0374 D34 0454 0.507 0.5¢* 0.52% 042* 0.26* 0.14* 007
1.00 0.24* 0.32* 0.39* 0.39% 0.42* 0.49* 0544 0884 0564 044* 0.274 0.14* 0.07
1.50 0.284 0.34% 0.40* 0.43* 0.434 0.56* 0834 0.66* 0634 0.48* 0.28* 0.154 0.084
2.00 0.32* 0.36% 0.41% 0474 0544 063 072 075 070 0.53* 0.30* 0.154 0.09*
3.00 0.384 0414 04352 032 0.60* 069 077 080 0.5 O0.58% 0354 0204 0.124
4.00 U454 0474 0517 0574 0684 075 083 085 079 0.634 0414 0264 0.184
5.00 0.534 0.544 0.564 0.62* 0.72* 0.2 088 090 O0.84¢ 00694 049* 0344 0254
700 0.717 0.469* 069 073* 0.854 095 100 099 09 0804 067* 055 0464
10.00 0.84% 0794 0.774 081* 093* 105 106 1.0 0984 0.87* 0754 067 063* |
15.00 1114 0.99% 093¢ 0954 1.08* 1234 1184 1.10* 1074 0.99* 0914 0934 1.044 !
20.00 1474 1247 1132 L3124 1264 1454 1324 1174 174 1324 1114 1304 1724 |

* Extrapolated from original data.

Variation in data <10%, >10%4,

>20%2, >50%C, >100%°



Average CH, (ppmv] for QOCTOBER

Press. Latitude {(*N)

__(mb) -50° -40 -30 -20 -10 @ +1u 430 +30  +40 480 +60 +70°

[ 0.10° 010 0.10F 0117 012F 0137 0167 0.147 015 0127 013 6.4 014X 0.18F
D.15* 0.10 0.117 ©.12% G.14* 0184 0184 0.16*% 0144 0134 U154 0.154 0144 0144
0.20 0.11  0.12* 0.134 0154 0.184 0.19* 0.174 0154 0.154 0164 0.164 0.14* 0.134
0.30 0.13  0.154 0164 0164 0214 0.234 0224 0.20* 0204 0.204 0.184 0.154 0.11*
0.40 0.08 0.174 020% 0.224 0.24* 0.27* 02174 0284 0.2 0.24* 020* 0.15* 0.10*
0.50 0.18 0.214 0.244 0274 0294 0314 0.334 0344 0344 0204 0.234 0.16* 0.09*
0.70 0.214 0.264 0.314 0.34* 036 0.39 0.43% 0474 0.46* 0.38* 0274 0.16* 0.084
1.00 0.234 0.28% 0334 0374 0394 043 0474 0.51* 0.50* 0.39* 0284 0.104 0.084
1.50 0.264 0.31% 0374 0.43* 0474 0514 0564 0.504 05874 0454 0.30* 0.174 0.08*
2.00 0.30% 0.354 0424 049* 0554 0614 0.67 0.9 00654 0514 032° 0.17* 0.084
3.00 0.354 0.40* 0474 0.55* 0.62* 0688 073 075 0.70* 0.564 0.384 0.214 0.11
4.00 0.42% 0474 0534 0.60* 0684 075 079 081 0764 0824 0444 0284 018
5.00 0.49% 0.54% 0.60* 0.66* 0704 083 0486 088 082 063 0524 0.38* 023
7.00 0.674 0.71* 0.744 078 091 099 101 101 094* 082 089 0.56* 044
10.00 0.814 0.82% 0.814 0854 099 1.10 1.10* 1.07* 1.00* 0.90* 0.784 0.68* 0.57*
15.00 1134 1024 0.95F 0974 115 131 1264 1174 1124 1054 0.964 0.92* 0.89*
20.00 157 1285 1107 1114 133 1874 1454 1.23% 1267 1234 1,194 1.254 1394

Average CHy (rpmv) for NOVEMBER
Presa. Latitude (*N)
(mb) -56* 40 -30 -20 -10 D +10  +20 +30  +40 450 +80 +70°
0.10° 0.10F 0.11F 0.13% 0.13%F 0147 018 014 0137 0.13% 0137 011% 0.097 002
0.15°* 0.114 0.124 0.134 0.14* 0154 0.164 0.154 0.14* 0.14* 0.14* 0.12* 0.10* 0.08*
0.20 0.114 0134 0.14% 0154 0164 0.1834 0.174 0.164 0.18* 0.154 0.134 0.10* 0.09*
0.30 0.134 0.14* 0.184 0.174 0.19* 0.204 0.204 0.19* 0.10* 0.184 0.154 0.114 0.09*
0.40 0.14* 0.16% 0.184 0.20° 0224 0234 0.244 0.24* 0.23* 0.214 0.17* 0.13* 0.09*
0.50 0.164 0.18* 0.20* 0.23% 0254 0274 0.204 0.29* 0.28* 0.244 0194 0.144 0.10*
0.70 0.19% 0.214 0.24* 0.28% 0.31* 0334 0.36* 0374 036* 0.30* 0.23* 0.16* 0.10*
1.00 0.20° 0.24* 0.27% 032* 0364 0374 0.40* 0414 0394 0334 0254 0174 o1®
1.50 0.234 0.284 0.334 0.39% 044* 0464 0484 049" 0474 0394 0204 0.204 0.12°
2.00 0.274 0.33* 040" 047% 054 0074 0574 0.584 0.56% 0.464 0.344 0.22% 0.13°
3.00 0.32% 0.39% 0474 0544 061 065 065 0664 0634 0534 0.40* 0274 0.17°
4.00 0.384 040" 054 0814 068 073 074 074 070* 0.60* 0474 0.334 0.22°
5.00 0454 0.54% 0634 070 077 031 083 0834 0784 0684 0654 0.41% 0.294
7.00 0.62* 072* 081 0874 094 100 103 103 09 0688 0744 0.60* 0.48*
10.00 0.774 0.834 0884 0934 1034 112 1134 1104 1054 0.974 0.84* 0714 0.614
15.00 1114 1064 1.004 1.044 1204 1344 1314 1244 1.21* 1174 1044 0934 004
20.00 1.614 1334 1164 1164 1394 1614 1534 1397 1407 1.424 1.28% 1.234 1384
Average CH, (ppmv) for DECEMBER

Press. Laticuds (°N)
(mb) -50° 40 -30 -20 -10 [ +10  +20 +30  +40 450 +60  +70°
o.10% 0.11F 0.12% 0.12° 012 0.12 0124 0.18% 0a1%% 0.14%f 0.13% 0.10F 008 0071
0.15° 0124 0.134 0.134 0.134 013 013 0.14% 0.144 0.154 0.144 0.11* 0.0 0074
0.20 0.124 0134 0.14* 0.14* 0.14 0144 0.15% 0.184 0.164 0.154 0.114 0.09* 0.08*
0.30 0.134 0164 0.15% 0.17* 0.174 0.174 0.18% 0.184 0.184 0.164 0.134 0.104 0.08*
0.40 0.144 0164 0.184 020* 0214 0214 0214 0.21* 02]4 0384 0.154 0.12* 0.09*
0.50 0.162 0.184 0.20* 0.24* 0.254 0254 0254 0.24* 0.2¢* 0214 0174 0.13* 0104
0.70 0.17% 020 0.244 0.30* 0.32* 0324 0314 0.30* 028* 0254 0.20* 0.184 0124
1.00 0.18% 0224 0284 0344 0374 0.374 0354 0.344 0.314 0274 022* 0174 0124
1.50 0.214 0.274 0354 0.42% 0.40% 0464 0434 0414 0384 0334 0274 019 0.134
2.00 0.234 0.324 0.434 052 0574 0584 0.544 0.50* 0.48% 0.40* 032% 022 014"
3.00 0.284 0.38* 0504 0.59* 0.65% 0664 0.614 0.58* 0.544 0.474 0.384 0.27% 0.18*
4.00 0.354 0.46* 056 0.664 0734 0.74* 070 0674 0624 0.5¢* 0.45* 0.33* 0234
5.00 D.44* 0.54% 064 074 0824 083 080 077 O0T2% 0644 0.54* 0.40* 0.29*
7.00 0.654 0.74 081 050 1014 103 1.00 100 094 0B85 0744 0584 0.44*
10.00 0.794 0.824 0874 0954 1084 114 110 1.08* 1.06* 1.00* 0874 0.70* 0.58*
15.00 1.084 0994 0074 1064 1224 1.3¢ 1294 1204 1274 1324 1144 0.96* 0.90*
20.00 1497 LIPA 1000 1154 1364 150 1524 1414 1548 1784 1814 130% 1.014

* Extrapolated from original data.

Variation in data < 10%, >10%4

, >20%8, >60%C, >100%°
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Anmual Average N O {ppbv)

Press. Latitude (*N}

{mb) -50° 40 -30 -0 -10 0 +10 420 +30 440 450 460  +70°
0.10°] 0.53° 0.63° 0.69°7 0.69° 070C 072 082F 1017 114F 1.05% 0757 0557 0.50¢
0.15°f 0.80° 0.72° 0.79¢ 080° 081° 0837 0942 1167 1.207 1197 0857 De3® 0577
0.20*| 0.69¢ 082° 0.91° 092° 093° 096 1.08% 1.32% 1477 1352 0.967 0.71% 0644
0.30*| 039° 108° 1.20° 1.22° 1.24° 1.27% 143% 173% 1017 1747 1.2327 0928 0834
0.40°| 115 1.42€ 1.50° 162° 1.65C 1697 1.89% 2277 249°P 223F 13587 1198 1074
0.50° 1.49° 1.6 211° 216° 220° 2.2¢7 2497 296% 3238 2368 2028 153F .3t
0.70 | 2145 2.74C 3.16° 3.28C 3358 341P 3752 (.38° 467 4.04F 2847 2168 1912
1.00 | 2759 3.63C 4.37° 4.66° 4.77° 4.84® 5267 506° 6.11° 508® 356 2450 2208
150 | 4165 5.81C T.48° 8.36° 8377 868”7 9217 0085 0577 7462 5207 3745 2.80€
200 | 6.307 9.30% 12.80° 14.98C 15.427 15.50° 16.14% 16.697 14.98% 10957 7.58% 5288 3.87C
3.00 | 9.817 14.07° 19.04% 22697 24.09% 2446° 25137 25072 21.80° 15.95% 11.16F 7.887 5.46C
400 | 15087 20967 27.70% 33.60° 36797 37.79° 38337 36.958 3124 22945 16237 11.638 833
5.00 | 23207 31.227 40.47° 49.78% 56.107 58.36° 58472 54.46° 44767 33.00% 23604 17.197 12.1}°
7.00 | 50.44* 63.93° 70.54% 100205 119.335 126.374 123.644 108.434 85 064 03.454 ¢6.524 34.984 27.48°
10.00 | 70 112 84.37° 100.73%122.88% 144.958 153,474 147,124 127 014 103.22* B1.364 63.76* 50.73% 41.54%
15.00 | 121.37%133.977 149.345 172.05% 200.46% 212.17% 196,594 168.464 142.514 123.134 107.79% 94.25° 82.74°
20.00 | 210.137212.729 221,412 242.57% 277249 293 324 262.704 221.874 196 754 186,355 182.255 175115 164794

* Extrapolated from original data.

Variation in data <10%, >10%4, >20%2, >50%°, >100%°

* Eatrapolated from original data.

Annuat rTapge f’!l! !p}ﬂu_v)

[Picss. Latitude (°N} H
(mb) %0° -4  -30 =20 =10 0 410 420 430  +40 +50 +60 +10°
[ 7010l 7010F 0004 T0.10 o 02 0124 70124 011 To10Y ¢ 168 T uos” 0 0aF 0087
0.15*f 0118 0114 0.17* 0124 033* 0144 0134 012 0124 011 0.10° 009 (08?
020 | 0.11% 0.12% 0134 0.3 D 1A 0154 0.154 014* 013* 0122 011? powf 0.08Y
030 | 015" D0.14* 0.164 0.164 0.17% 0.18* 01s* 0184 0174 0.15% 013" 0107 o000
0.40 | 0145 0177 0.19* 020 0.214 022% 0.224 0224 0214 0.18% 0.15% 0.128 0.00°
050 | 0132 020 0237 025 0264 0274 0.284 0.29° 03277 0.22° 011 0.13% o.10®
070 | 0.18% 0.24° 0307 0327 0334 0344 0377 030% 036° 0.287 020° 0.18% 0.11°

1.00 | 0204 0277 0332 036® 0374 034 0414 0437 0197 0314 0.23% 0168 0.12°
1.50 | 0254 0324 0397 0437 043* C484 050 051* 0464 0364 0277 0.39° 0147
200 030  0.374 0452 0812 088 03A% 0614 08L* 0544 0434 0314 0238 07¥
3.00 | 038  043* 0512 0587 063* 066 068 067 0604 048% 0374 028Y 0.22¢
400 | 042 O05U* 0584 065* 050* 074 0.75 074 0674 0554 0434 0348 0285
S00 | 0.49 0584 06864 073* 0.79%* 082 083 081 0744 0814 0504 0.428 0345
700 087 07c* 083* 090" 097 101 100 097 089 076 066 059 0524
10.00 0.79* 0854 0904 0954 103 10v 109 103 095 0B6* 0774 071  0.67
16.00 1047 103% 1.034 1.06* 116 126 1.24 115 1.084  1.04* 090* 0984 1.02 ;
| 2000 1387 1258 1184 1184 120 145 1424 1204 1224 1274 1284 1334 | B4 |

Vanation 1a dats <10%, >10%4, >20%2, >80%C, >100%"



The absolute abundance maxima and minima have an intercsting distribution in

Jatitude as well as time. hsoalready noteda, the Grsnlute maxima occur in
the Damer; they arc contred on albout OV lat pvode, In the Northern loemis-
phere, Lhe low=latitude sunuel maximum s mat hed by a high-latitude{centred
on about 60C) minimum, and vice-versa in the winter, Unfortunately, the

asymmetrical latitudinal coverage of SAMS does not permit us to say whether
the Southern Hemisphere low-latitude maxima and minima are also accompanied
by high-latitude extrema of the opposite sign.

Consider now the variations with latitude and season which take place on
constant height (log pressure) surfaces. Starting at the highest levels at
which CH, was observed, i.e. around 60 km (N30 (s below the nolse level at
this height), a non-seasonal trend is observed whereby all latitudes in both
hemispheres tend to have maxima around Septemter, and minima around March.
Lower down, the pattern described above with a low latitude Summer maximum
and a high-latitude Summer minimum emerges, until at about 35 km all latit-
udinal and seasonal variakbility becomes subducd. The reason for this 1s
clear when lower levels are examined; the pattern reverses phase to give low-
latitude Summer minima and Winter maxima.

CONCLUSION AND FUTURE MODEL REFINEMENTS

Models of the zonally averaged, time averaged mixing ratios of nitrous oxide
and methane have been derived from three years of the data from the Stratos-
pheric and Mesospheric Sounder on the Nimbus 7 satellite. The distributions
of both species are similar, as would be expected since both originate in

the troposphere and both have long photochemical lifetimes. <Considerable
latitudinal and seasonally-varying structure )s present 1in the observed
distributions. This has been described in a phenomenological way but with no
attempt to explain the mechanisms underlying the features. This aspect 1s
still under study and will be reported at a later date.

It is likely that small imprcvemerts in the data set and hence in the model
presented here will be possible as a result or further processing of the
SAMS radiances, in particular to reduce the tempcrature error which contrib-
utes to the uncertainty in the constituent retrievals. The discrepancy
between the satellite and balloon measurements suggests that errors of up to
50t in N,O and 25% in CH, may remain at the lowest level sounded. We intend
to reprofess the SAMS results with an improved treatment of the spectroscopy
and examine longitudinal and other trends to see if any reason for this can
be found.

An improved version of SAMS (ISAMS) is being built for the Upper Atmosphere
Research Satellite, and a major revision of the model will be possible when
these data become available early in the next decade.
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ABSTRACT

Data from the Stratospheric and Mesospheric Sounder on Nimbus 7 have been
used as the basis for a model of the abundances of nitrous oxide and methane
in the stratosphere. A version of this was produced two years ago (Taylor,
budhia and Rodgers, /1/ ~ hereafter called paper 1) and in this new paper we
consider some of :he possible error sources in more detail, as well as long-
term trends. The principal source of error in the SAMS retricvals is thought
to be the use of climatological ozone profiles Lo invert the temperature
profile data. However, we find that the effect is too small, and of the
opposite sign, to explain the discrepancies between satellite and in-situ
measurements, noted in paper 1. As expected, no systematic trends which
exceed the estimated error in the data are {ound in eicher mechanc or
nitrous oxide.

INTRODUCTION

Nitrous oxide and methane are two of the important minor constituents of the
atmosphere. The former is the principal source of stratospheric NOyx which
plays a significant role in the photochemistry of ozone, while methane is an
important ‘greenhouse’ gas and the only in-situ source (through its photo-
oxidation) of stratospheric water vapour. Accordingly, data on the mean
abundance of these species is an important input to models and other studies
of the middie atmasphere, currently a region of much research interest.

The only comprehensive data set on these two gases, covering most latitudes
and all seasons over a period of several years, is that obtained by the
Nimbus 7 Stratospheric and Mesospheric Sounder (SAMS- sec Drummond et al.
/2/ ftor a description ot the instrument and Taylor /3/ for a discussion and
overview ot the results obtained). These 'data were used in paper 1 Lo
construct a three-year average (1979 to 1981 inclusive} from which tables of
mean monthly abundance versus log(pressure) and in ten degree latlitude bins
were constructed. Scventecen pressure levels from 20 mb. (about 2% km) to
0.1 mb (about G5 km) and thirteer latitude bins (from 50° § to 70° N) were
presented.

The purpose of the present paper is primarily to re-evaluate the model in
the light of work that has been done in the meantime to fturther validate the
SAMS data and to investigate certain discrepancies with bhalloon data which
have been uncovered. We also examine the data set for signs of trends in
the abundances of both species and present tables of resulits for these.

EFFECTS OF OZONE ON SAMS DATA
(AR} Sensitivity of temperaturs retrievals to ozone

In paper 1 we showed evidence for discrepancies between SAMS data and in-
situ measurements from balloons, particularly below the 10 mb pressure
level. In investigating this, we decided that, if the discrepancy was due
Lo a systematic error in SAMS, the most likely cause was the use of
climatological ozone profiles in the retrievals of temperature from SAMS
15um carbon dioxlde emissicon observations. A correction has to be applied
to the transmission function in the temperature sounding channels because of
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the overlapping opacity of the 16 um ozone band. The constituent abundances
which are retrieved depend strongly on the temperatures, since the emission
which is measured is of course a function of both. Jones and Pyle /47

quote variations in retrieved mixing ratioc of as much as 50% for both gases
with a +2K temperature variation at 20 mb, although this sensitivicy
decreases rapidly with pressure and is around 10% at higher altitudes.

In the present work, we have made use of new data on the ozone distribution
derived from a combination of $BUV and LIMS measurements which provides
profiles for a particular month and latitude. November 1979 was chosen for
these tests since balloon data for CH4 and N20 is available for that month
(Schinidt, personal communication). The main differences between the
original and the new ozone proflles for that wmonth are

(1) higher values in the new profiles above 0.05 mb

{2) nigher values in the peak at 10 mb., in the new low latitude profiles
(but lower values at +60° latitude).

Barnett and Corney /5/ suggested a 30% decrease in total ozone would produce
typically a +1K increase in retrieved temperature between 150-20 mb and a 2K
increase between 20 to 2.5 mb. To examine the effect of the temperature
retrieval on the vertical structure of the ozone variations, a comparison
was made between the zonal mean temperature retrievals for Day 305, 1979,
using the original (climatological) ozone profile, and the recrievals
obtained after perturbing this profile arL various levels. The perturbation
applied was a 20% increase at a selected level, decreasing above and below
by 4% per 0.2 scale heights, so that the unperturbed value resumes st + 1
scale height either side of the perturbation. The results are listed in
Table 1 for perturbations applied at 8 different levels. The standard
deviation refers to the variation in result across the twelve latitude bands

(45°5-65°N) .

Table 1
Response of Retrieved Temperaturs (units: 0.01K) to Oy Perturbations of +20%

Level of Max. Response at level:

Perturbation 70mb 20mb Tmb 2ub 0.6mb 0.2imb  0.086mb  0.0Zmb |
70mb —421x9 -11%3 +1+%2 0£3 0x2 0x2 -9x3 -ax2
20mb +482 17 —88+ 11 —d4 X6 +1x8 +4 x4 =711 427+ 4 20k 4
Tmb —33+728 43513 -6 224 +25 %8 +10327 42127 -17£2
2mb ~26+15 40210 -13:k5 —~15%0 +idxS +33+12 +28 k0 2% 4
0.6mb +i10x 8 -2x2 ~1+1 -—1x2 +1%1 0x1 0x1 +ix ]
0.2inb +132 16 —4x7 ~1%4 4324 -3 -0£10 02 444k«
0.004m} =3+ 16 -6 7T -1x4 +3x 4 -3x3 -9%x10 +1%2 +4x3
0.02iab +ix1 00 0x0 00 00 0x0 00 Oiu

One particularly significant result is that the temperature retrievals below
10 mb are just as sensitive to the shape of the ozone profile at those
levels as they are to the total column amount, so the effect of introducing
the more specific ozone profiles on the temperature cannot be generalized.

(b) Sensitivity of constituent retrievals to temperature
The sensitivity of the retrieved constituent profiles to the shape of the

temperature profile was tested in a similar manner. The amplitude of the
perturbation was 1K and the shape the same as for ozone. For each
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perturbation, temperature and constituent retrievals were performed for the

whole of November, 1979. The resulting changes 1n the monthly profiles are
shown in tables 2 ana 3.

As expected, the sign of the perturbation is negative down the diagonal
elements of each table (a higher local temperature implying a lower
concentration for a glven radiance). The conclusion here is that, in order
to account for the approximately 50% reduction in mixing ratios implied by
the balloon measurements at 20 mb, the actual almospheric temperatures would
have to be 5 to 10K higher than was measured by SAMS. This is a factor of S
greater than the estimated error in SAMS temperatures from all sources.

Table 2
% Response of Retrieved N3O (o Temperature Perturbations of +1K

Level of Max. Response at tevel:

Perturbation T0inb 20mb Tinb 2mb 0.0mb 0.2inb
70mnb —2.8% 105 1.7 £3.1] +04208 -0.3108 402207 07458
20mb +3 1286 ~1252 852 413208 ~0811.2 +1.4%1.7 +58:£6.6
Tinb +56173 -3.0x7.86 -82x27 +42.1%1.6 413455 +3.5:+3.9
mb +2.7+£24 ~0.2x18 ~05+04 -40%08 +1.0+07 +1.1£1.2
0.Gmb —24%£130 -1.2£3.3 +0.2+08 -03%05 —-18+£09 -1.4%6.6
0.2k +0.5+28 -072x17 -0.1%x04 400202 -02403 -01x1.0

Table 3
% Response of Retrieved CH 1o Temperature Pesturbations of +1K

Level of Max. | Reaponse at level:

Perturbation | 70mb 206mb Tmb 2mb 0.6:nb 0.2mb
70ind f -03+20 -02+16 +02x03 -01:202 +0.1%04 +00x1.1
20mb ‘ 43463 -55+53 -07x07 403103 -0.120.2 +2248.1
Tinb sl 78 -saxe ~0.8%28 -04423 414229 +1.213.7
2mb “ 32218 403+13 -11203 -51403 -01£04 +1.7+41.1

0.€mb i 3116 +08+09 -02x02 ~1.5%03 —4.8%08 +1.6%1.3
0.2mb J 10206 +04£03 -01202 -01%0.1 -0.8%202 -09+0.8

(c) Naw retrievals of N0 and CHgy

The final experiment of this set was to retrieve temperatures for the whole
of November 1979 using the SBUV/LIMS ozone set rather than the global/annual
mean used in the original retrievals, and then to re-retrieve N20 and Ciy
£or thls monih using cile Lew Léwparatiu.d profile for each day. The
resulting differences in the monthly mean are given in Table 4.

Table ¢
Effect of usiag specific Oy profile on November 1979 Retrievals

I Canstituent % Change in vinr at level:

i 4

! 20mb Tinb 2mb 0.6mb 0.2mb

i N,0 +4.3 £ 113 +8.421168 ~14436 +35.7+42 +40%7.8
L Cll, +2.013.0 +74kT8 -16+i.1 +0.2+1.3 -2.2x172)
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The results show that use of a specific ozone proflle results in a general
increase in the constituent mixing ratios. If table 4 is compared to Table
1 of paper 1, it can be seen that the effect is too small, and of the
opposite sign, to that required to explain the discrepancies between SAMS
and in-situ measurements for that month.

SEARCH FOR TRENDS IN CHs AND N30 ABUNDANCES

Both nitrous oxide and methane are increasing in the troposphere and it is
interesting to consider whether this is reflected in the stratospheric
abundances at various levels. The use of satellite data to look for trends
must be approached with caution, however, since the measurements techniques
are novel and subject to errors, while the expected trends are quite smali.
The data of Rowland /6/, for example, shows methane trends of +1.25% per
annum between 1979 and 1985 at the surface, which we might expect to see
repeated in the stratosphere if it has been going on long enough. With S
years of data to examine, a toral change of around 6% would be expected;
small compared to the estimated uncertainty in the data (20% or more, sce
paper 1) but perhaps Jjust possible to detect since most of the errors in the
data are systematic. In fact. the results (see tables below) are
inconclusive.

In each case we have looked at zhree year means, using the same data set as
in paper 1, and also five year means, using the entire SAMS data set. The
latter are obviously better in some ways in looking for trendsy, except that
the data from SAMS was of poorer quality towards the beginning and end of
its lifetime. In the former czse, the instrument was still being
characterized and was used in various exploratory modes; in the latter,
there were problems with the instrument, leading to intermittent data
taking, and with the atmosphere, which was atypical in behaviour due to the
eruption of el Chichon. In fact, similar results were obtained from both
sets. Table 1 shows the temperatures and their standard deviations. A
warming of around 0.15 degrees maybe present near the 2mb level. Tables 2
and 3 show the percentage chances in the minor constituents; agaln, some
levels exhibit changes which appear marglnally statistically significant but
the evidence is unconvincing. The main conclusion to be drawn from this

study is that a longer data set of more precise data is needed to identify
trends.

Table 5 Temperature trends zod standard deviations

Pressure leve 9K ¢ ae K _chanqe/yr
Amb) g o car N
20 0.09+0.12 0.31x0.14
7 -0.0610.13 -0.10+0.08
2 0.14+0.07 0.1740.04
0.6 ~0.1020.1¢6 ~0.25+0.11
0.2 0.1540.21 0.01+0.14

Table € Methane trends and standard deviations

Bressure level % change/vr % change/yr
m (] year ':"E) (“\ YCEAL Set)
20 10.97 + 5.21 .50 + 5.53

7 5.53 + 4.08 6.864 + 2.08
2 -12.12 + 4.27 -5.55 + 5.99
0.6 -5.47 *+ 6.€7 0.51 + 10.24

0.2 4.38 + 5.78 4.81 + 5.08
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Table 7 Nirrous oxide rrends and standard deviarions

Exgiﬁgfﬁ_lgiﬁl {3 year ser}) A2 year ser)
20 -21.52 #15.15 -7.34 + B.63
7 7.37 + 8.94 5.19 + 4.94
2 -14.31 + 11.6 0.38 + 10.61
0.6 -6.38 * 24.64 -2.25 + 14.27
0.2 11.89 + 25.27 -17.04 z 12.21
CONCLUSIONS

The results of this work are summarized as follows:

1. The model presented in paper 1 with monthly values for the vertical and
latitudinal distribution of methane and nitrous oxide is the best which can
be produced with present data.

2. There do seem to be real discrepancies between satellite and balloon data
at lower levels in the middle atmosphere, but we have been unable to explain
these by limitations in thce data reduction methods used 1or SAMS.

3. There are no systematic trends in the middle atmosphere abundances of
the two species studied which can be detected reliably with the data
avallable; this is consistent with expectations based on other darta.

4. Further pregress awaits new instruments like those forming the
scientific payload of the Upper Atmosphere Research Satellite /7/. This
will include an improved version of SAMS, called ISAMS, which will measure
methane and nitrous oxlde with much greater sensitivity and precision.
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ABSTRACT

A nearly global set of data on the nitric acid distribution was obtained for seven months by the Limb Infrared
Monitor of the Stratospliere (LIMS) experiment on the Nimbus 7 spacecraft. The evaluation of the sccuracy,
precision snd resolution of these data ie described, and a description of the major fenturcs of the mnitric acid
distributiona is presented. The zonal mean for nilric acid is distributed in & stratoapheric layer that peaks nesr 30
mb, with the largest mixing ratios occurring in polar regions, espocially in winter.

INTRODUCTION

Nitric acid was frst identified in the stratosphere by Murcray et al. /1/, who measured its infrared absorption
apectrum {rom a balloon. It has subsequentiy bsen measured many times from balloons /2/, aircralt /3/ and more
recently the shuttle /4/. In addition, it haa been observed by direct collection on filters from balloons and aircraft
/6/. Nitric acid ia formed by the three body reaction

NO; + OH + M= HNOy + M
although other processes may be involved during high Iatitude winter conditions. It ia destroyed by the reaciions

HINOy + hv — Ol + NO;

and

HNOs + OH — NO; + 11,0,

The tiine scales are veveral days /6/, indicating that the distribution will be strongly influenced by atmoe, .2
motions.

The ouly near-global observations were obtained by the Limb Infrared Monitor of the Stratosphere (LIMS), which:
flaw on the Nimbus 7 spacecralt. Decause Lhese are in good sgreemant with the other dats, they are the br s
for the nitric acid model proposed here. I'he LIMS was a 8 channel inirared radiometer that scanned the earth’s
limb, measuring emitted radiances that could be inverted to yisld profiles of hitric acid and other quantities. The
experiment and the data reduction have been described by Gille and Russell /7/; other discussions are contained in
Russell and Gille /8/ and Gille et al. /9/. The features of IR limb scanning relevant to the measurement of HNG;
include the long viewing paths, giving maximum sensitivity to amall amounts of the gas, high vertical resolution if
narrow field of view detectors are used, and the ability to obtain measurements on both the day and night sides of
the orbit. However, to obtain high signal to noise ratioa with the narrow detectors required that they be cooled.
The use of a solid cryogen limited the LIMS lifetime to about 7 months.

Over this period, from 25 October 1978 to 28 May 1979, the instrument operated extremely well. On the average,
over 1000 profiles were derived each day, (rom 64°S to 84°N. ‘These profiles were Lhen objectively analyzed using
the Kalman [ilter approach suggested by Rodgers /10/ and described in more detail by Kohri /11/. This leads to

daily estimates of the zonal mean mixing ratio and the coellicients describing 6 waves in longitude. Only a nodel
for tbe zonal mean distribution is presented here.
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ACCURACY AND PRECISION OF THE NITRIC ACID DATA

The characteristics of the LIMS HNO, data were discussed by Gille et al. /12/. The vertical rangs of the data is
set by the region of adequats signal to noise ratio, and, at the bottom, by the frequent occurrence of clouds. For
the HNO; signal, the upper limit occurred at about the 2 mb pressure level, or around 45 km altitude. Clouds
usually impose a lower liinit at or above the 100 mb pressure level in the tropics. Retriavals to lower altitude are
possible at higher latitudes, but with rather small signal to noise ratios. ln this discuseion the lower boundary is
taken to ba 100 mb.

The pracision of the proflles, or scan-to-scan repeatability, is about 0.06-0.1 ppbv in undisturbed regions where
atinospheric variability does not contribute to the variations. This intrinsic preclsion ls of the order of 2% up
to 7 mb, rising to only 5% at 4 mb. When natural atmospheric variability is included, which may incorporate
real variations on scales amaller than the approximately 100 km inter-scan spacing, a repeatability at almoat all
latitudes and altitudes of 0.1 ppby is found.

The accuracy is much more difficult to establish. Gille et al. /12/ estimated the errors presented in Table 1.
These estimates, at Jeast away {rom the top levels, are thought to be rather conservative. Again, these were chocked
through comnparison with 15 balloon-borne measurements from 100 to 10 mb. These diflersnces are also collected in
Table 1. They are approximately the errors associated with the balloon-borne measurementa. However, the LIMS
results become increasingly larger than the correlalive measurements with altitude, leading the authors to suggest
that they were in error. In addition, chemical consistency suggests that the original values are too large J13/.
Subsequently Bailey and Gille /14/ have sbown that an instrumental correction should be applied that slightly
reduces the radiances at all altitudes. 'This has the effect of significantly reducing the HNO, mixing ratios above 10
mb, where the signals are small. Tho resuits presonted here have now been corrected for this efloct. These resulta
therefore differ at the upper levels from hiose presented in Gille et ol. /16/.

TABLE 1 LIMS Nitric Acid Errors®

Pressure Level No. of Estimated Systematic  Differences from
(mb) Comparisons Errors (%) Correlative
Measurements (%)

80 42

70 4 -19 + 24
50 14 41 48

30 14 33 97

10 12 29 27T £ 11
7 11 63 £ 11
5 ) 90 + 4
3 65

* Frotn Gitle et al. /12/.

NITRIC ACID DISTRIBUTION
Vertic istributi

Vertical proliles of IINO, at 60°S, 32°S, the equator, 32°N and 60°N are shown in Figure 1. At the equatoe, there
is little vertical variation. A slight maximum of between 2 and 3 ppby is located near 20 mb, but the seasonal
variation is quite small. At 32°S the maximum of about 7 ppbv in shifted down to 30 mb. There is & minimum in
mid-summer with a maximum observed value in May, suggesting an annual variation with largest values in winter.
Temporal variations are shown in more delail below. A similar variation (shifted by 6 months) is shown at 32°N.

The variation is similar but much larger st 60°S. The peak values, again at 30 mb, are over 10 ppbv. At 60°N the
largest values are in winter, with maxima of nearly 10 ppby, again at 30 mb.

In suinmary, the tropice are characterized by low mixing ratios, and have a small seazonal variation. At bigher
latitudes the mixing ratios are larger, and have an annual varistion characterized by a fall-winter maximum. There

is very little variation in the pressure of the peak values, which increases from 20 mb in the tropics to 30 mb at
high latitudes.
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Pressure (mb)
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Nitric Acid Mixing Rutio (ppby)

Figure 1. Vertical profiles of monthly average zonal mean HNO3 mixing ratios at five
latitudes for October (—), January (- - -), April (— —), and May (- - -).

verage Zonal Mens oss-Sectjo

Al every location Lhere are short-term variations, associsted with dynamical effects, as well as seasonal changes,
Even alter taking the zonal mean, there are short period temporal veriations. However, over « month the standard
doviation of these variations ars usually small. Figure 2, for January (1979) shows that the standard deviation of
the daily values is loss than 5% except at upper levels in the winter hemisphare, where it can be over 30%. (The
increased values at the tropical tropopause are due in purt to incomplele removal of cloud contaminated profiles,
and in part to the difficulty of accirately {ollowing the sharp radiance decrease above clouds, in conjunction with the
low muixing ratics thece.) In contrast, in Aprii (Figure J) the standard deviniion is less than 5% almost averywhere,
and never greater than 15%. "Ihe atandard deviation of the monthly averaged zonal means (these values divided by
VN, where N is the number of days with data in the month) are therefora less than 1%, except for the high upper
polar winter stratoaphere, where they are still only 6%, so the random uncerthinties associated with the following
menn cross-sections are rather amall, These standard deviations are tabulated in Table 2.

The monthly average zonal mean nitric acid distributions for Oclober through May are presented in Figures 4-11,
and in tabular form in Table 3. ‘Ihe general {eatures of the nitric acid distribution are illustrated by the October
data (Figure 4). There is a broad saddle in the tropica, centered near 20 mb, and charactorized by values of 2-3 ppbv.
Mixing ratios decrease slowly above and below this level, indicating profiles characterized by low and relatively
constant values. Maximum values increase toward both poles, with the altitude of the maximum decreasing to the
30 mb level at high lalitudes. In the Northern Hernisphiere (NH), the maximumn of 3 ppbv at 20 mb for 10* N
progresses to a maximum of 12 ppby at 30 mb for 84°N. The latitudinal variations are similar in the Southern
Hemisphere (SI1) as far as they can be seen. Note also that the isolines are relatively flat on the upper side of the

layer, but have fairly steep slopes on the lower side. Finally, thete is an indication of slightly higher values at high
northern latitudes and high altitudes.

There is a regular progression in the monthly mean values. In November (Figure 5), the northern polar maximun:
hss increased to its maximum value, while the maximum at 64°S has decreased. DBy December (Figure 6), the
northern maximnum has dropped back to less than 11 ppbv, while the southern maximum haa fallen further.
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Figure 4. Monthly averaged zonal mean cross section of HNO3 mixing ratio (ppbv) for
October (last 7 days).
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January’s distribution (Figure 7) is much like December's, but with some incresse in the winter polar upper
stratosphere. This latter fenture in largely gone in February (Figure 8), and the NH high latitude maximum has
decreased below 10 ppby, while that in the SH has increased. Those seasonal changea continus in March (Figure
9) and April (Figure 10), until by May (Figura 11) the NH maximum is only slightly above 7 ppby, while the SH
max at 64°S is over 11 ppbv. In sddition, thers has been an increase in the SH (winter) polar upper stratosphere.

A comparison of November and May, the two nearly complete months that are 6 months spart, indicates little
chiangs in the tropics. Howover, they show a 7 ppby contour in tho S in November that is not pressn} at 64°N in
May. Similarly, in May the mixing rotios nonr 060°S are larger Lhan those near 60°N in November. It is clear that
the SII maxima and minima have larger mixing ratios than Lhose in the NI, indicaling an asymmetry between the
heinisphezes in nitrogen compounds. This lhias also been seen in NOj, snd estimates of the total odd nitrogen.
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Figure 7. As Figure 4, but for January.
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Figure 8. As Figure 4, but for February.
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Figure 10. As Figure 4, but for April.
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Figure 11. As Figure 4, but for May (first 28 days).

Varjation

The tamporal veriation of the zonal mean is conveniently displayed by time-height cross sections. At the equator
(Figure 12) there is & semi-annual oscillalion, where tha HNO; maxima occur at the beginning of January snd
(probably) July at 18 and 10 mb. The minimun at each level is close to the mid-point betweon the maxima, This
is consistent with semi-annual vertical motions, having maxitnum strength in March, with minimum motions in
December and June aa found by Gille et al. /16/.

At 32°N and S (uot shown}, the potterns are siilar to thoso at 60°, but the variations are weaker. The NH
maxima and SH ininima occur in rebruary at 50 and 30 mb, which also shows the higher S values i. late autumn
than in the NII, Again, there is a suggestion that the NII maximum occurs sarlier than the SH minimum,

At 60°N and S (Figures 13 and 14) there is an annual varistion, which is out of phase between the two hemispheres,
with the NI maximum and SIi minimum occurring in late December at 30 mb. The patterns are similar above 30
b, but the May values in the Sii are larger than the N maxima in December, as noted earlier.

These plots (and that for 80°N, presented in Gille /17/) show long term (seasonsl) changes, probably due to
photochemical elfects, and short period variations, especially during the winter, Ulat are related to dynamicsl
eilecta. There are marked decreases during the times of major disturbances in the stratosphere, which are to be
expected when the downward moliona which lead to stratospheric warmings through adiabatic compression bring
down air that is poorer in HNOs.
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Table 3. Monthly aversge vonal mean mixing ratios (parts par billion by volunie)

October

Presaure <04 60 G0 .40 -3 20 -1V [ 10 20 30 40 24 o0 0 80

200 020 030 032 032 032 033 031 O 035 034 034 034 039 040 045 0.56
3 U44 V44 UAG V4G DAT V4B 04T 049 051 048 0Bl 063 068 003 072 0.84
6.00  1L15 L14 122 LY 13V 162 149 1.42 1.41 1.01 1.66 148 153 ).78 LW 192
T00 182 180 185 1.92 205 202 194 L 193 218 226 220 248 2.4y R &) .30
W 205 208 30 291 2309 2063 227 2.2 260 3.09 330 360 4.0 477 5.34 5.99
1600 646 645 523 495 494 425 297 271 3429 4585 617 0.10 604 7.09 8.60 10.09
.00 TA5 T8I 745 684 640 631 342 2.4l 291 400 662 T30 840 038 1084 1239
5000 621 646 662 571 462 208 178 1.21 153 222 374 647 660 7.68 8.7 .90
W 471 480 463 366 233 102 06T UBE 073 000 185 311 441 530 6.2 6.07
W00 318 307 255 LU 084 043 0.9 041 0G0 089 030 138 230 308 3 4.01

Novsiber

Pressuce 64 G0 .50 -0 30 20 -0 0 10 20 k14 40 60 60 70 80
b
(1.0\)) 027 021 0LI8 030 031 032 034 033 034 033 033 036 041 045 052 069
.00 039 U4V D3 U4 D46 048  0.60 0.49 0.n0 0.49 0.54 0.6T 0.62 0.1 0.80 1.05
5.00 LW 10 15 123 139 549 1.40 1.44 1.42 1.58 1.58 1.660 1.68 1.97 2.17 2.36
TW 172 037 LTL B2 206 200 192 LW 1.0 2.9 221 240 280 323 243 J.68
1000 285 281 270 235 300 260 231  2.28  2.08 311 240 392 466 53U 585  0.40
1600 524 b.1S 4.86 467 460 434 310 278 3138 4.6 564 667 7.64 858 978 1i.10
.00 T84 T42 6T G40 605 508 335 244 297 430 010 785 B8.68 0.82 1130 13274
OO0 630 6.27 6.05 6.7 423 276 116 11T 160 2.44 409 564 6.61 1770 9.08 0.93
W00 4563 452 404 325 200 098 076 0.60 074 08 201 343 4560 550 G.04 7.04
W 287 277 226 151 077 044 U6 052 061 0.5) 078 160 248 344 403 411

Deceunber

Pressnee <64 .00 -0D 40 -3 200 .10 0 Y 20 30 40 [40] 73] 10 80
nh
(:103 0.26 026 0.27 03U 032 V.34 VIS LI4 034 033 035 037 0.30 0.45 0.56 0.04
Jos 038 LIV LA42 U414 V4B DS UG 0.51 0.6} 0.49 0.5 0.67 061 0.76 1.04 1.20
LW L5 1o 145 125 138 1.52  1.46 1.46 1.47 1.60 1.6V 157 L.71 2.0 2.51 2.85
T 1065 (66 17U 1BZ U2 207 LUS 1.95 2w .22 231 2.48 281 AT 3.64 3.90
W00 271 209 2,068 277 203 2.82 248 2’.35 2.61 310 350 4.07 4.0 5.28 5.8 6.10
16,00 400 484 467 451 4.5 4.34 2339 2.88 3.48 5.0  6.02 T.08 B.24 9.09 9.70 10.05
UL 7.0 701 665 615 5.08 471 3.20 242 J09 528  6.O7 8.21 0.28 104 10.91 11.02
S0 618 G.UZ 6.43 4064 3068 247 LGR 1.18 111 314 450 588 7.0 8.3 8.b5 8.40
0.0 434 417 35T 278 180 0BG 0.78 U3 U2 112 216 374 53 6.20 6.40 6.30
oW 255 240 18T L2l 06T 04L U2 058 UG U047 0.81 1.88  3.3¢ 3.0 4.00 4.10

Janunry

Pressure  -G1  -CU  -50 40 .3 .20 -0 4 10 20 30 40 60 [} 70 80
'

(l?”kl)')l U.24 0.2 028 030 033 034 034 .35 .34 0.32 0.34 0,36 0.8 [ X]] 0.51 0.60
300 038 039 V42 046 UMW U5 053 053 U053 DA4Y 051 U583 007 0.76 L7 132
bW LOT LU L4 128 148 165 149 152 15T 158 145 16D 1.08 .23 2.00 3.40
T LT 171 173 188 209 213 196 19T 205 218 220 238 266 3.16 3.72 4.04
w279 276 234 280 288 288 261 234 250 294 335 382 4.32 4mn 5.07 5.25
1600 498 491 475 404 430 417 334 279 231 483 59U 672 7.43 8.07 8.01 8.77
VW T05 T 663 6.0 524 443 30 221 208 66 THL 83T 04T 020 0.88  10.95
LU G2 592 619 424 20 L4 150 L15E L6 336 523 G647 1.29 8.39 8.91 9.22
T 418 398 329 229 145 0BT UVLTIB  UG4  UBL LT 260  4.4] 6.40 043 0.84 7147
W 235 2109 166 LOV 055 051 0TU 02 06T 052 LU6  2.41 347 4.19 441 4.58
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Figure 12. Time-height cross section of HNO; at the equator. Contour interval is 0.2 ppbv.
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Figure 14. Time-height cross section of HNO; at 60°S. Contour interval is 1 ppbv.

CONCLUSIONS

The values of HINO, mixing ratio above 10 mb presented here have been corrected [or an instrumental effect. The
vertical mixing ratio profiles show a layered distribution, with the peak near 20 mb and low values in the tropics,
where there is a small semi-annual variation. Poleward of 30° latitude the peak is at 30 mb and there is an annual
variation, with maxima during late fall or winter and rainima during summer. Cross-sections of monthly averaged

ronal means einphasize the atrong poleward gradients, and indicate a hemispheric ssymmetry. In addition, there
are alightly higher values at the upper levels near the winter pole.
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PROPOSED REFERENCE MODELS FOR CO5 AND HALOGENATED HYDROCARBONS

P. Fabian
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D-3411 Katlenburg-Lindau, Federal Republic of Germany

ABSTRACT

The vertical distribution of carbon dioxide, halocarhons and their sink products, HC1 and
HF, have become available, mainly hy aeans ot ballonn meacurements. Most measurements were
made at northern mid-latitudes, but some constituents were measured at tropical latitudes
and in the southern hemisphere as well. This report attempls to combine the available data
for presentation of reference models for COz, CCly, CCY3F, CCloF o, CCIF 3, CFy, CC1F-CCIFo,
CCVF 5-CCIF 5, CCIF5-CF 3, CF 3-CF 3, CH3C1, CHCIF 3, CH3-CCl3, CBrCYF,, CBrfg, HC! and HF.

INTRODUCTION

€0, is a natural constituent of the atmosphere thought to be well mixed up to the
turbopause. Due to the burning of fossil fuel, however, Cll; abundances increase steadily at
ground level resulting in €0, profiles which fall off with altitude in the stratosphere.

Halogenated hydrocarhons (halocarbons) are source gases for C10,, FOy- and

BrOy-radicals in the stratosphere. Besides methyl chloride (CH3C1), the haloacarbons
discussed here originate almost entirely from anthropogenic sources: While CFC-10 (CCYVy),
CFC-113 (CC1,F-CCIF,), and CFC-140 (CH3-CC13) are mainly used as soivents, (FC-22 (CHCIF 3)
and CFC-13 (CCIF4) are chiefly applied as refrigerants, CrC-114 (CCIF o-CCIF,), CFC-115
(CCIF o-CF3), CFC-11 (CCIyF), and CFC-12 (CC1oF;) are used as propellants and refrigerants,
the two latter ones for foam blowing as well. CFC-14 (CF,) and CFC-116 (CF 4-CF ) are
released from aluminium plants, but CF, {s likely to have natural sources 2as well. The
bromine containing species CFC-12BI (CBrCiF2) and CFC-13B1 (CBrF 1) are released from fire
extinguishers. Most halocarbons have long overall atmospheric life times. Thus the
abundances of those emitted from anthropogenic sources are growing with time (see table
1). The same holds for the sink products HC) and HF.

EXPFRIMENTAL

Stratospheric COz and halocarbon data presented here were obtained by analyses of
cryogenically collected air samples. 07 was analysed by infrared absorption /1/, while
halocarbon analyses were made by gas chromatography (GC) employing electron capture
detectors (ECD) as well as mass spectrometers (MS) for detection (e.g. [2-6/). The
balloon-borne cryogenic whole-air samplers flown by the Max-Planck-Institut fir Aeronomie
{MPAE) and the Kernforschungsanlage Jdlich (KFA) are described in /7/ and /8/,
respectively. The stratospheric data are Yimited to balloon altitudes, i.e. up to about 35
km. Tropospheric data available from analyses of air samples collected aboard aircraft are
also presented.

Vertical profiles of HC1 and HF were obtained by various IR spactroscopic techniques,
mainly through the efforts of the internaticnal Ratloon Intercomparison Campaigns (BIC)
conducted during 1982 and 1983. Since these are discussed in detail in the NASA
Stratospheric Ozone Assessment Report 1985 /8/, they are not presented here.

RESULTS

0,

Tryogenically collected air samples from 3 balloon flights carried out at 44°N during
November 1979, September 1982 and September 1984 were analysed for COy using IR

absurption. Employing this techniques, flask samples can be analysed with 2 tota) error of
+0.2 ppmV corresponding to 40.06X. The results are plotted in fig.l supplemented by
aircraft data obtained close to the balloon site during the same time periods /10/. A
striking feature of the COj profiles is the overall imilarity of the stratospheric
portions above 20 km. Obviously, the general increass of the tropospheric abundance of CO2,
resulting from the burning of fossi) fuel, is reilected by 2 stratospheric increase at a
corresponding rate. Mid-stratospheric mixing ratios, as averaged over the height range
above 22 km, are 325.420.5, 329.610.2, and 331.610,3 ppmV for 1979, 1982, and 1984,
respectively. Average annual increase rates thus amount to 1.2 ppmV/y between 1979 and 1984
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Tahle 1

Average vertical distribution of halocarbons at northern midlatitudes, units: pptV (l(J‘12
by volume). These profiles correspond to the times given at the bottom of each column.
Overal! atmospheric lifetimes, N/S ratios and trends are also given. Trend values marked by
an asterisk were derived from time-dependent model computations, they are as yet not
confirmed by measurements.

layer cci, CC14F CCloF 4 CCIF;, CFy CCIF-CCIF, CCIF4-CCIF,
(CFC-10) (CFC-11) (CFC-12) (CFC-13) (CFC-14) (CFC-113) (CFC-114)
surface & lower

troposphere 130 190 350 4 70 23 11
TO-IT km 5. T77. 79 T3 10,3
11-12 km 86.5 171.7 321.8 20,71 10.02
12-13 km 80.1>¢10% 171.3 314.7 20.68 9,89
13-14 «m 73.2 167.2 310.7 p45% ' 21.68;£20% 9,57
14-15 km 69.3 163.7 307.4 3.9 65.2 21.95 9.31
15-16 km 66.0 156.9,26% 298.5 22.83 9.03p:8%
16-17 km 60.8 £17%  147.2 284.4 22.32 8.59
17-18 km 52.4 £21%  133.5 267.4 20.99 8.17
18-19 km 44.2 28 118.3 2456.9 3.5 66.6 17.81 7.62
19-20 km 34.1 #36%  98.0 218.2147% 15.51 6.91
T0-7T Tm PT 5 Ry /5.0 159.7J " ! 12.75 5.13
21-22 km 13.6 *59%X 53,9 +36% 160.3 10.01 5.53
22-23 &m 8.9 $73%  35.7 #40% 137.4 +12% 3.0410% 66.5 8.43?:321 5.17
23-24 4.9 +90%  20.3 *4y% 113.3 £22% 110X 7,40 4.79
24-25 km 2.3 11.1 50X 93.6 25% 4 6.54 ; a,28)
25-26 km 1.2 4100% 5.8 64X 81.5%:28% ! ; 5.49" 4.39
26-27 km 0.3! 3.5 179% 69.2 2.7 58,5 a.79 4.16
27-28 kn 0.1] 1.4 +90% 55.9 +18% 3.94/ 3.79
28-29 km 0.6| 8.1 *50% 2.5 3.15| 3.654+18%
29-30 km 0.5¢ +100% 40.5) ‘. 2.46 ! 3.72
J0-3T &m 0.7 ViR ‘ 1 .0 I3
31-32 km 0.20:50% 24.3,¢30% 2.1  61.8] 1.395+65%  3.16
12-33 km 0.2f 16.9) 1.03 3.04
33-34 «m 15. 6] 0.54 ] 2.85;
.55 km

Torresponding Sept/0ct. Sept . /Tet " Sepl. /Tt Tept. Sept. “Sept.7Uct. Sept./Oct.
to time 1982-83 1980-83  1980-83 1980 1980 19A2-R4 1982-84
overall 1ife  60-100y 55-93 y  105-169y  JRN-450y 10000y 63-122y 126-310y
t ime

N/S ratic 1.07 1.12 1.07 «1 -1 1.12 1.05
trend 2%/y 6%/y 5%/y 5%/ y* 2%/y*  10%/y* 6%/y

which is quite comparable with those observed at tropospheric levels. Annual means of
tropospheric COz, for the years discussed here, werc found to be in excess of 6.8:0.9 ppmV
over the strataspheric mixing ratios corresponding to a time lay of 5.2:0.8 years. The
transition occurs between 10 and 22 km altitude, while there is almost no height dependence
of the (0 VMR above that height.

The tropospheric CO; profiles shown in fig. 1 are representative of late summer/fall
conditions, when the cumulative uptake of (0, by plants reacnhes its maximum. Thus at ground
level, an annual minimum is obtained in Auqust/September. In late winter/spring, when (O,
fs returned to the atmosphere, a maximum occurs in April/May. This seasonal varfation,
having a total amplitude of about 7 ppmV in the northern troposphere, is almost
undetectable within the lower stratosphere.

The existence of a shaped CO, profile as shown in fig. 1 may be relevant for satellite
sounders that use the assumption of well-mixed CO; in the stratosphere to retrieve
temperatures from infrared spectral features.

Halogenated hydrocarbons (halncarhons)

Vortical profiles of haTacartions are Plotted in tiyures 2-12. Every data point corresponds
to an air sample with sampling altitude ranges typically varying between 1-2 km at 35 km
and about 0.2-0.4 km at 10 km. The piotted altitudes correspond to the centers of the
sampling ranges. A careful error analysis has to take iwte account the following
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Tabie 1 contd.

layer CCIF-CF3  CF3-CF3  CHiC CHCIF;  CH3-CCly CBrCIF CBrF4
(CFC-115)  (CFC-116) (CFF-40) (fFC-22) (CFC-140) (CFC-12B1) (CFC-1381)

surface & lower

troposphere 4.1 4 £17 73 176 1.3 1.0

TO-IT kn 038 QIR LIA DL | 37 T

11-12 km 4¥5.9 8UL. 6 1.23

12-13 km 56.?' 76.0- 410X 1.26

13-14 km ; 53.9 69.1] 1,15 220%

14-15 km 3.1 424 1 5. 67.11 1.08 0.6R

15-16 km 372, 52.0 69.7: 0.99! .

16-17 km 348. 1 50.6)  66.7220% 0.84 +10%

17-18 km 306.3#20% 48, 1 6.8 0.68

18-19 km 2.3 3.7 262, 45, 56.5 0.56

19-20 km +10% 214.9 42 .6%11% 49.8 0.40 26%

20-7T Xm 161.5; T 7.7 7T30¢ 0. 78] U.37

21-22 km J 125.4»35% 34.9' 1904 0.15% ¢50%

22-23 ki 1.7 3.4 110.4 32.0; 11.4 0.06 0.17

23-74 km 100.9 29.8 6.32 1507 0.07

24-25 kn l 83.35¢50% 27,61 3 96

25-26 km L1088 75, .00 2,18

2627 km 1.36 3.4 65.1 76.1 1.4 0.06

27-28 km J | 2.1 25.3 0.1 :l00%

26-29 m 1.26 2.92 30,5 24.0

29-30 km { : 29.6} 246

J0-31 Km ‘ 7R 73T,

31-32 km t | 2049] 2L.7

32-33 km 1 OJ 2.53 19.8 19.7

33-34 km -

34-35 km

Torresponding JSept. Sent. Sept.70ct. Sept. CTepl./0ct.5rpt./0Oct, Sept.

to time 1960 19K0 1980-83 1982/83 1982/R3  1982-84 1960

overall life 230-550y 10 000 y 2-3 y 12-20y 5.7-10y  29-42y 62-117y

time

N/S ratio »l -1 1 1.18 1.36 1.43 ?

trend 9%/ y* 6%/y* - 12%/y 8%/y 20%/y 5%/y*

contributions: The samplina altitude ranae and its errors due to the fact that measured
pressures were converted into altitudes using the temperature distribution of a standard
atmosphere, the statistical errars related to sampling, possible contamination and analysis
leading to an overall precision of 2 (5-10)%, and the errors of the absolute calibration
which are *10% or less. The lowest detection 1imits are about 0.02 pptV for CFC-1281, 0.1
pptV for CFC-10, CFC-11, CFC-113, CFC-140, and CFC-13BI, and 1 pptV for CFC-12, CFC-13,
CFC-14, CFC-114, CFC-115, CFC-116, CFC-40, and CFC-22.

The data points of the fiqures show a scatter, however, which is often considerably larger
than the quoted precision of 5-104. This certainly reflects some natural variability, but
no seasonal effects as all data represent September/October conditions. The scatter is
particularly large in those portions of the profiles which show a large vertical gradient
of the mixing ratio suggesting that sampling height errors may be involved. CH3Cl (fig. 9)
is exceptional in revealing extremely large scatter between 20 and 30 km altitude. It is
not clear whether real natura) variability or sample contamination may account for this
effect.

Thus, for calculating reference models for the different species, the individual errors
were not analysed for every data point. Instead, the points were averaged within l-km
layers, and the standard deviations from the respective mean values were calculated. It
appears that this mean standard deviation is a reasonable estimate of all statistical
errors within each layer. The average profiles thus obtained and the standard deviations
are plotted in the figures. They are also compiled in table 1.

For CFC-13, CFC-14, CFC-115, CFC-116, and CFC-13BI, only one measured profile was available
at all (see fig. 5, 6, 12, data points compiled in table 1). Thus no averaging was
possible. More data points will become available soon. At MPAE, air samples collected
during balloon flights made 1983, 1984 and 1985 have,already been analysed for those
constituents. The absolute calibration, however, has not been finished yet. it can be

conc luded, however, that these new data confirm the vertical slopes of the species, shown
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Figure 1. Vertical distribution of CO; between the ground and 35-km altitude as analysed

by infrared absorption of whole air samples collected aboard balloon and aircraft platforms,

for 1979, 1982, and 1984. The height range of the balloon samples is shown by the

symbols. The modelled profile (solid line) computed by means of a one-dimensional time-

dependent model corresponds to 1980 conditions /10/.
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Figure 2. Vertical distribution of CCl4 (CFC-10) at northern midlatitudes. Every data
point represents one whole-air sample collected during the year listed in the figure. Each
symbol represents data from a different flight or group of investigators, respectively. The
average profile and its error bars were obtained by averaging all data points within 1 km
layers. The points of this profile are compiled in Table 1. Sources: a,b /4/; c-f /6/; g /11/.
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Figure 3. Same as Figure 2 but for CCl3F (CFC-11). Sources: a /3/; b /12/; c,e /13/;d
16,81; £/11/.
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Figure 5. Vertical distribution of CCIF3 (CFC-13) and CCIF,-CF3) (CFC-115) at northern
midlatitudes. Sources: a/14/, b /15/;, ¢ /3/.
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in figures 5,6, and l12.

The proposed reference models of halocarbons are compiled in table 1. Due to the errors
related to the absolute calibration, v.vry profile is accur <1e to within +10X for the time
period given at the bottom of the respective column. The same accuracy may be assumed for
the surface and lower tropospheric mixing ratios shown in the first line of tablie 1. These
were obtained by averaging all published field data.

Since all stratospheric measurements presented here were made during September/October, the
tabulated values correspond to this.time of year. On the basis of measurements made at KFA,
Schmidt et al. /8/ have argued that seasonal variations do occur. These are small, however,
and thus most likely included in the quoted standard deviations.

The given halocarbon profiles reflect northern midlatitude conditions. Corresponding
southern midlatitude data may be obtained by applying the N/S ratios also given in table 1,
which were derived from all available tropospheric halocarbons measurements. Tropical
profiles of CFC-11 and CFC-12 are known to fall with height less rapidly than midlatitude
profiles /22/ as upward motion partly counteracts decomposition in this req. n., A similar
effect can be expected for other halocarbons, but except for a few first exploratory data
723/ no conclusive measurements are documented yet

Dur to continuing anthropogenic emission, atmospheric halocarbon ahundances increase with
time. Present annual increase rates were evalusted and also Jisted in table 1. These trend
values base, wherever available on measured data. The trend values marked by an asterisk
were derived from time-dependent model computations at MPAE based on available global
emission scenarios.
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INTRODUCTION

The objective of this paper is to present a proposed reference model for the background
strazospheric aerosol based on currently available data froc sateilite observations. Infor-
mation on the characteristics of stratospheric aerosols 1s important to climate and renote
sensing studies through radiative transfer processes. Measurements of stratospheric aero-
sols actually date back nearly 30 years. Using balloon-porne particle counters, Junge €t
al. 1/ discovered a layer of high particle concentraticn several kilometers thick in the
lower stratosphere which has become known as the Junge layer. Primarily, measurements of
strazospheric aerosols have been made by two different approaches, either using in situ
nechanical/optical particle counters or by renote optical sensing technigues. In orde: o
obtain more information on the stratospheric aeroscl layer, NASA has launched three satel-
lite instruments since October 31978: the Stratospheric Aerosol Measurement {SAM II) cn
Ninbus 7, and the Stratospheric Aerosol and Gas Experimenis I and 11 (SAGE 1 and II) on ire
Acplications Explorer Mission 2 satellite and the Earth Radiation Budget Satellite, respec-
tively. These satellite instruments all utilize the solar occultation technique to measure
vertical profiles of limb attenuated solar intensity at desired wavelengths during each sun-
rise and sunset experienced by the satellite. The SAM 1l instrument is a one-channel sur-
phozometer measuring aerosol extinction at 1.0 um in the polar regions. The SAGE 1 instru-
men: is a four-channel sunphotometer which measures aerosol extinction at 1.0 .m and 0.45 unm
with nearly global coverage. In addition, it also provides simultaneous observations of
stratospheric O3 and N0; at 0.60- and 0.45-um wavelengths, respectively. The detailed
aspezts of the SAM II and SAGE I systems have been described by McCormick et al. /4/. The
SAGT II satellite instrument was launched in 1984 and is an advanced version of SAGE I. 1=
has three additional channels centered at 0.448-, 0.525-, and 0.94-iun wavelengths which pro-
vide a differential NO; measurement, additional aerosol extinction data, and an H20 vapcr
concentration channel. <Thus, the SAGE Il sa<ellite instrument measures aerosol extinction
a: four different wevelengths, and the simultaneously deternined stratospheric H20 is cf
particular importance in understanding the aerosol micropavsical processe:s as well as the:r
composition. The data processing of SAGE II observations is currently in progress, and the
data set will be available to the scientific community beginning in 31987.

Urlike the s:ratospheric gaseous species, which can be fully characterized by determining
their concentration (number density or nixing ratio), a complete description of aerosol par-
Lities requires information about their composition/refractive index, size distribution, an3
shape . A complete set of such information is very nuch needed, especially in order rto
understand the radiative implications of aerosols. Foriunately, there is sufficient evi-
dence that the stratospheric aerosol can be described reasonably well by assurming they are
spherical liquid droplets of approximately °5 percent HaSD. and 25 percent K30 in compos: -
tion by weight (Rosen, /7/); see also the Standard Radiation Atmosphere (SRA)}, /1C/. M)
addéition, analytic models have been recommended for the background stratospheric aerosc!l
size distribution and composition by Russell et al. /B/ which have proved quite successful
1n the validation of 5AM Il and SAGE I (Russell et al., f9/). The current understanding of
sources and sinks, and their distributions have been reviewed by Turco et al. /1V/ who also
cointed out which experimental and theoretical analysis are needed in order to enhance our
xnowledge about stratospheric aerosols.

Since aerosol extinction at 1.0-um wavelength inferred fron SAGE 1 satellite observatinns
conszitute the only available multi-year aerosol data set with nearly global-scale coverage,
i- is reasonable to use this data set to derive a reference model of stratospheric aero-
sols. It should be kept in mind that strictly speaking, this proposed reference model is an
epiical one. Nevertheless, it summarizes the general clobal-scale features of the stratc-
spheric aerosol layer and can be used, for example, to derive paraneters which are importart
<0 zlimate studies (McCormick, /5/; lLenoble and Brogniez, /3/; SRA, 10/ .
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During its operation lifetime from February 1979 to November 1981, the SAGE I
instrument produced 34 months of aerosol extinction data with nearly global coverage.
Except for the very minor volcanic eruption of La Soufriere (13.3°N, 61.2°W; 17 April
1979), the stratospheric aerosol layer was practically unperturbed during the SAGE
measuring period from February 1979 to May 1980 (Kent and McCormick, /2/). After that
time, a number of large volcanic perturbations occurred. As a result, the SAGE
a2erosol 1.0-mm extinction data set obtained during this period will be adopted in this
paper to establish a simple reference model for the background stratospheric aerosol.
The meridional distribution of the zonal mean stratospheric aerosol extinction at 1.0-
mm wavelength on a seasonal basis has been documented in tabulations and in graphic
representations by McCormick /6/. This distribution is reproduced in Figure 1.
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In order to obtain the vertical distribution of stratospheric aeroscls in a climatological
manner, the averaged profiles are computed for five different latitudinal bins: 75*s-40°s,
40%S-20°S, 20°S-20°N, 20°N-40°N, and 40°K-75°N on a seasonal basis. These latitude bins
roughly correspond to the tropics and the mid- and high latitudes in both hemispheres. The
results are tabulated in Tables 1-4 and Figures 2-5 using the northern seasonal period nomen-
clature, starting with spring, and are in all cases referenced to the tropopause height. The
resarkable festure in Figures 2-5 is the similar vertical distribution of the averaged
profiles from the five different latitudinal bins wvhen referenced to the tropopause and the
similarity in the four different seasonal plots. Figure 6 presents a plot of all the data of
Figures 2-5 on one graph and shows the striking sisilarity in the data. This very similar
vertical distribution of the 1.0-um serosol extinction in Figures 2-6 suggests that it is
reasonable to construct a simple analytic representation for profiles fros the five different
latftudinal bins. The following third order polynomial is used for this representation:

Log o(B)=a + bZ + c2? + a2’ W)

where 8 is the 1.0-uo aerosol extinction at sltitude z measured from the tropopause and a, b,
¢, and d are coefficients to be determined from the SAGE I satellite data set. This calcula-
tion vas carried out to 20 km sbove the tropopause, the range over which the data are the
most sccurate. The results of the derived coefficients are given in Table 5. The computed
profile using these coefficients for each of the seasonal periods i{s indicated in Figures 2-5
by the heavy curve. As one can see, the computed profiles represent the average of the
vertical profiles from the five different latitudinal bins very well., It 18 understood that



TABLF 1 Zonally Averaged Stratospheric Aerosol Fxtinction
at 1.0 M.crometer (1/km} for March, April, and ray 1979
LATITUDE
ALT®* {(km) 755-405 405-20¢S 205-20N 20N-40N 3ON-75H
0 1.921E-04 1.371E-D4 S.779E-04 2,.871E-04 7.013E-04
1 1.66BE-04 1.1R9F-4 1.254F-04 1.7 E-04 3.33)78-04
2 1.507E-04 1.096E-04 1.708E-04 1.376E-04 1.973E-04
3 1.,260E-04 1.109E-04 1.239E-04 1.221E-04 1.5978-04
4 1.276E-C3 1.131E-04 V. 136E-04 1.156E-04 1.433F-33
S 1.315E-04 1.128E-04 1.087E-04 1.130E-04 1.331E-04
6 1.323E-04 1 .067E-04 1.020E-04 1,098€E-04 1.262E-04
7 1 .261E-04 9.676%-05 9.433E-05 1.044E-04 1.195E-04
8 1.140E-04 8.482E-05 3.748E-05 9.576E-05 1.1188-04
9 9.£58E-05 7.255E-05 8.047E-05 8.750E-05 1.032E-04
12 8.205E-05 6.0B3E-05 7.300E-05% 7.781E-05 9.42BE-05
n £.591E-C5 4.9678-C5 6.586E-0% 6.748E-05 8.538£-05
12 5.152E-05 4.001E-05 5.865E-05 5.638E-05 7.626E-05
13 3.850E-05 31.203E-05 4.982E-05 4.599E-05% 6.615E-05
14 2.90CE-L5 2.520E-0C5 3.829E-05 31.678E-25 5.468E-U5
15 2.163E-95 1.954E-C3 2,771E-05 2.806E-05 4.250E-05
16 1.594E-05 1.477E-"5 1.935E-05% 2.1B4E-05 3.139E-05
17 t.164E-05 1.083E- 5 1.319E-05 1.642E-05 2.272E-05
18 B8.423E-06 7.B34E-T6 B.857E-06 1.,230E-05 1.6€3E-05
19 6.17VE-06 5.720E-06 5.905E-06 9.026E-06 1.196E-05
20 4.596E-06 4.191E-00% 4 .000E-06 6.506E-06 8.651E-06
TROP-HEIGHT 10.75 14,20 16.60 13.15 9.54

*Altitude above tropopause

TABLE 2

Zonally Averaged Stratospheric Aerosol Extinction at
1.0 Micrometer [1/km) for June, July, and August 1979

L}TITUDE

ALTY
(km) 7558-40% 405-20S 205-20N 20N-40N 408-75N
0 2.165E-04 1.542E-04 1.513E-04 1.475E-04 4.835E-04
3 1.,795E-04 1.3B4E-04 1.157E-04 V.346E-04 2.24VE-04
2 1.618E-04 1.275E-04 1.120E-04 1 .12BE-04 1.547E-04
3 1.489E-04 1.22%E-04 1.108E-04 1.115E-04 1.338E-04
4 1.41BE-04 1.235E-04 1.125E-04 1.096E~-04 1.274E-04
5 1.405E-04 1.251E-04 1.101E-04 i +022E-04 1.2582-04
6 Y .IBGE-04 1.209E-04 1.065E-04 9.679E-05 1.232E-04
7 1,.329E-04 1.144E-04 1.023E-04 8.899E-05 1.169E-04
B 1.233E-04 V.049E-04 9,8%53E-05 7.755E-0S 1.091E-04
9 1.095E-04 9.334E-05 9.290E-05 6.694E-05 1.005E-04
10 9.288E-05 7.913E-05 8,38BE-05 S.731E-05 8.945E-05
" 7.709E-05 6.511E-C5 7.292E-05 4.870E-05 7.697E-05
12 6.224E-C5 5.,282E-05 S .620E-05 3.756E-05 6.293E-05
13 5.038E-05 4.238E-05 3.679E-05 2.860E-05 4.820E-05
14 4.11BF-05 3.44BE-05 2.420E-05 2.182E-05 3.510E-05
15 3.332E-0% 2,834E-05 1.660E-05 1.610E-05 2.496E-05
16 2.691E-05 2.160E-05 1.142E-05 1.199E-05 1.746E-05
17 2.010E-05 1.642E-05 7.904E-06 8.819E-06 1.251E-05
18 1.439E-05 1.242E-05 S.544E-06 6.572E-06 8.851E-06
19 1.026E-05 9.112E-06 3.947E-06 4.961E-06 6.327E-06
20 7.347E-06 6.616E-06 2.85BE-06 3.771E-06 4.604E-06
TROP-HEIGHT 10.98 12.82 16.57 15.36 10.50

*Altitude above tropopause
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TABLE 3 Zonally Averaged Stratospheric Aerosol Extinction at

1.0 Micrometer (1/km} for September, October, and

Novemper 1979

LATITUDE

ALT*

(km) 758-408 405-20S 20S-20N 208-40N 40N-75%
[} 31.843E-04 2.396E-04 3.432E-04 1.440E-04 2.702E-04
1 1.007E-04 1.619E-04 2.770E-04 1.205E-04 1.721E-04
2 2.393E-04 1.53)E-04 1.691F-N4 1.152E-04 1.423F-04
k] 2.033F-04 1.411F-04 1.240E-04 1.170E-04 1.)48E-04
4 1.B18E-04 1.390E-04 1.,148E-G4 1.197E-D4 1.349E-04
S V.654E-04 1.354E-04 1.0B4E-04 1.187E-04 1.402E-04
6 1.4BBE-04 1.290E-04 1.044F-04 1.122E-04 1,407E-04
7 1.314E-C4 1.180E-04 1 .007E-04 1.023E~04 1.376E-04
8 1.129E-04 1.061E-D4 9.502E-05 8.859E-05 1,29}F-04
9 $.593E-C5 9.340E-05 8.691VE-CS 7.723E-05 1L 14%E-04

10 7.8R1E-05 7.B8OE-DS 7.521E-05 6.596E-05 9.819L-05

iR 6.550E-05 6.656E-05 5.682E-05 5.494E-05 7.950E-05

12 5.398E-05 5.469E-05 3.977E-0% 4.430E-05 6.220E-05
13 4.298E-CS 4.190E-05 2.710E-05% 3.619E-05 4.704E-35
14 3.387:z-05 3.246E-05 1.B48E-05 2.726E-05 3.524E-95

15 2.658E-05 2.4B7E-05 1 .286E-05 2.029E-05 2.533E-05
16 2.052E-05 1.8%0E2-05 $.053E-06 1.S11E-05 1.827E-0%
17 1.5238-05 1.442E-05 6.423E-06 1.0B2E-05 1.3¥6E-05
18 V.10TE-CS 1.022E-05 4.640E-06 7.B36E-06 9.563E-06
19 8.083E-06 7.369E-06 3.421E-06 $.762E-06 6.992E-06
20 5.920E-06 S.310E-06 2.555E-06 $.267E-06 $.128E-06

TROP-HEIGHT 8.70 13.49 16.77 14.99 10.77

*Altitude above tropopause

TABLE 4 Zonally Averaged Stratospheric Aerosol Extinction st
| Micrometer (1/ka) for Deceaber 1979, January and

February 1988

LATITUDE

ALT*

(kw) 755-408 405-208 205-20N 20N~4ON 40N-75N
0 3.79BE-04 2.909E-04 5.149E-04 2.479E-04 2.73BE~04
1 3.044E-04 2.349E-04 4,376E~04 2.237E-04 2.340E-04
2 2.41BE-04 1.930E~04 3.385E-04  2,286E-04 2.341E-04
3 2.12]E-04 1.E4NE-O4 2.9395-04 2.277E-04 2 376E-04
4 1.952E~04 1.439E-04 2,132E~04 2.182E-04 2.341E-04
S 1.743E-04 1.211E-04 1.342E-04 2.004E-04 2,175E-04
6 1.483E-04 1.024E~04 1.047E-04 1.778E-04 1.935E-04
7 1.252E-04 8.859E-05 9.617L-05 1.563E-04 1.682E-04
8 1.075E-04 7.722E-05 8.760E-05 1.311E-04 1 . 454E-04
9 9.471E-05 6.697E-05 7.679E-05 1.101E-04 1,242E-05

10 8.263E-05 5.81BE-05 6.183E-05  9.256E-05 1.075E-04

il 7. 141E~D5 4.709E-05 4.63BE-05  7.7B4E-05 9.328E-05

12 5.955E-05 3.762E-05 3.444E-05  6.337E-05 7.8BBE-05

13 4.800E-05 2.899E-05 2.496E-05  5.087E-05  6.676E-05

14 3.796E-05 2.174E-05 1.750E-05 3.915E~05  5.466E-05

15 2.940E-05 1.612E~05 1.267E-05  2.883E-05  4.197E-05

16 2.197E-05 1.145E-05  8.B42E-06  2,047E-05 3.087E-05

17 1.596E-05 8.205E-06 6.294E~06  |.3B4E~05  2.134E-05

18 1.147E-05 5.860E-06 4.522E-06  9.776E-06 1.493E-05

19 8.272E-06 4.219E-06 3.276E-06  6.858E-06 1.054E-05

20 5.974E-06 3.065E~06 2.425E-06  4.BBSE-06  7.409E-06

TROP-HEIGHT 10,14 14.74 16.65 12.52 10,42

*Alt{tude above tropopause
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these heavy curves are only spproximate vepresentations of the globally-sveraged vertical
distribution since we have only used | year of the SAGE 1 data set, but it does appear to be
a reasonable representatfon. Also listed in Table 5 (s a separate fit to the data of Figure

6.
TABLE 5 Coefficlents of the Polynomial (Eq. 1) Derived frow
SACE 1.0-ym Aerosol Extinction (March 1979 to February
1980)
COEFFICIENTS
PERIOD* a b [ d
HAM -3.60 -8.59E-02 6.30E-03  -3.17E-04
JJA -3.78 -1.79E-02 -5.66E~04 ~1.27E-04
SON -3.67 -3,26E-02 -2.99E-04 -1.20E-04
DJF -3.50 -5.42E~02 4.01E-04 -1.21E-04
YEARLY MEAN -3.64 ~4,77E-02 -1.46E-03 -1.71E-D4
T HaM {March, April, May)
JJA {June, July, August)
on {Septenper, Octcber, November)
oJr {December, January, February)
EES ALY N R UL BRGNS
r ' o
3T~ —
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Fig. 6. The spreading of the vertical profiles froo all the different seasons and

latitudinal bins given in Figures 2-5.
SUHMARY

this analysis, a reference background stratospheric aerosol optical model is developed

based on the nearly global SAGE 1 satellite observations in the non-volcanic period from
warch 1979 to February 1980. Z2onally averaged profiles of e 1.0-4m aerosol extinction for
the trogics and the mid- and high altitudes for both hemispheres are obtained and presented
ia graphical and tadulated form for the different seasons. 1In aidition, analytic expressions
far these seasonai global zonal means, as well as the clobal mean, are determined
according 10 4 third order polynomial fit to the ver le data set. This proposed
back3round stratospreric aerosol model can be usefu! : studies of stratospheric
aerosols and for s:nulations of atmospheric radiative and radiance calculations 1in
a::aspherxc remote sensing.

vear.

el
trensier
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COMPARISON BETWEEN OBSERVED AND CALCULATED DISTRIBUTIONS
OF TRACE SPECIES IN THE MIDDLE ATMOSPHERE

G. Brasseur* and A. DeRudder**

*National Center for Atmospheric Research, Boulder, CO 80307
**Belgian Institute for Space Aeronomy, 1180 Brussels, Belgium

INTRODUCTION

The number density of atmospheric minor constituents is characterized by large temporal and spatial
variability. In the case of long-lived species such as the “source gases” (N;O, CHy, the chlorofiuorocar-
bons, ek ), transport processes may account for much of this variability. In the case of fast-reacting
species such as chemical radicals (OH, HO;, O, NO, Cl, etc.), a large fraction of the variability is
produced by the diurnal and seasonal variation of the solar insolation. However, as these radicals are
usually produced by chemical or photochemical decomposition of long-lived species, their distribution is
also indirectly controlied by transport processes. Finally, in the case of species whose chemical lifetime is
appraximately equsl to the transport characteristic time of the atmosphere (ozone and nitric acid in the
middle stratosphere, terporary reservoirs such as HO;NO;, CIONO,, BOCI in given altitude ranges),
chemistry and dynamics play an equally important role.

With the measurement. over a significant period of time and over a wide spatial range, of & number
of trace species concentrations, it has become possible to produce climatologica) distributions of these
compounds and even, for some of them, to infer reliable empirical models. As most of these models result
from averaging s large number of observations, they may be compared to theoretical models which intend
to simulate global average conditions by solving the conservation equations based on chemical, radiative
and dynamical considerations. Such comparison allows the validation of both observational dats and
theoretical calculations. Moreover, such study leads to a better understanding of the basic processes
which control the observed distributions and to the identification of inconsistencies between theory and
observations.

Ideally, in order to investigate all processes involved, a comparison between theory and observations re-
quire on the one hand multidimensional models and on the other band atmospheric data sets covering the
entire earth. However, because the data available are limited and accurate multidimensional transport
schemes are computationally expensive and difficult to achieve, “first order” validation of the currently
known chemical processes in the siratosphere can be based on simpler one-dimensional calculations.

The purpoee of this short paper is io identify major discrepancies between empirical models and theoretica;
models and to stress the need for additional observations in the atmoephere and for further laboratory
work, since these differences suggest either problems associated with observation techniques or errors in
chemical kinetics data {or the existence of unkpown processes which appear to play an important role).
The model used for this investigation [1] extends from the earth’s surface to the lower thermosphere. It
includes the important chemical and photochemical processes related to the oxygen, hydrogen, carbon,
nitrogen and chiorine families. The chemica) code is coupled with a radiative scheme which provides
the heating rate due to absorption of solar radiation by ozone and the cooling rate due to the emission
and absorption of terrestrial radiation by CO;, B30 and Oy.[2] The vertical transport of the species is
expressed by an eddy diffusion parameterization.

COMPARISON BETWEEN THEORETICAL MODELS AND OBSERVATIONS

As the model used hereafter is one-dimensional and produces global average vertical profiles, the present

* National Center for Atmospheric Research is funded by the National Science Foundation
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study will focus essentialiy on the Jong-lived trace gases. However, some important and unexplained
discrepancies concerning the fast-reacting species will also be mentioned.

Sour ases

The calculated distributions of N2O. CH,, CCl,, CH3CCly, CFC-11 and CFC-12, are displayed in
Figures 1-6. The agreement between theoretical and observed vertical distributions is good for N;0
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Fig. 4. Comparison between observed distributions of CFC-12 {3, 5| and 2 1-D theoretical
profile.
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and for CHy. In the latter case however Jarge differences in the observations exist above 30 km, making
the comparison between model and observation difficult. Tke relatively good agreement, in the case
of N3O, is not surprising as the eddy diffusion coefficients whick are used in the models (including the
present model) are usually tuned to fit the vertica! profile of this particular gas. For the precursor gases
of active chlorine (e.g., the CFCs), the model tends to overestiate the mixing ratio, especialiy in the
higher levels, except for CFC-12. Such discrepancy which appears in essentizlly all 1-D models has not
yet been resolved. It can be due either to the use of an inadequate eddy diffusion coefficient or to an
underestimated loss rate (or to both). Indeed, it has been shown from theoretical considerations 100
that the specified value of the 1-D eddy diffusion coefficient should be a function of the lifetime of the
trace-constituent. Moreover, uncertainties remain in the calculaiion of the penetration of sunlight in the
Schumann-Runge bands, leading to uncertain photodissociation rates of the chlorofuorocarbons.

The calculated lifetime of the source gases playing a major role in the stratosphere is given in Table 1.

TABLE 1 Calculated Lifetime of the Source Gases
Species Lifetime (yrs)
N;0 165.6
CH, 10.0
CH,ClI 15
CCl, 68.8
CHsCCl; 6.6
CFCls(CFC-11) 86.6
CF;Cl3(CFC-12) 154.3
CFCI;CF;Cl(CFC-113) 129.8
CHF,;C!(CFC-22) 16.2
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Active Gases and Temporary Reservoirs

The concentration of active gases such as OH. HO,, O, Cl, CIO, etc. is difficult to measure since their
concentration is low and their chemicai reactiv.iy very high. A reliable comparison between theoretical
model results and the few available data requizes the knowledge of the solar zenith angle at the time of
the measurement and the concentration in the observed air mass of the transport dependent long-live
species which are the progenitor of the fast reacting compounds. From an examination of Figures 7 and
8, it can however be deduced that the most recent measurerments of the OH radical 111, 12,13, 14] have
the same order of magnitude than values provided by theoretical modeis but that, in the caes of HO;, the
values reported by Helten et al. {15] are in tne lower stratosphere a factor 100 larger thas redicted by
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Fig. 7. Comparison between observed or indirectly deduced mixing rati> of OH {11, 12, 13,
14, and theoretical profiles (24 hour average and daytime average: mid-latitude; equinox).
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theory. If additional measuremer:r ©:nd to confirm these data. the r-zsently accepted chemical scheme
is in error for the hydrogen spec.es. 2t least, in the atmospheric layer where the ozone concentration is
the jargest.

Efforta to measure the vertical distri>ution of temporary reservoirs have been reported only recently.
Figures 9 and 10 show that, especialiy ior CIONO;, the data deduced from infra-red measurements, for
example from the ATMOS experimenl, are consistent with & 24 hour-averaged model calculation.
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Fig. 9. Comparison between observations of HO;NO; [16] and a 24-hour average theoret-

ical profile (mid-latitude, equinox).
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Fig. 10. Comparison between observations of CIONO; (17, 18, 19] and a 24-hour average
theoretical profile (mid-latitude, equinox). The dotted line and the dashed line refer to
ATMOS data at 30°N (sunset) a1 47°S (sunrise) respectively.
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Nitric_Acid and Ozone

Finally, a comparison between theory and observations is performed for 2 gases (HNOy and Oy) which
are produced in the stratospkere and whose lifetime varies signifcantly with altitude and iatitude In
the case of ENO; (Figure 11), the ag-eement is fairly good between theory and observation below 30
km but above this beight, most modeis seem to overestimate the HNOy mixing ratio. Thia discrepancy
is emphasized by the fact that a cew treatment of the HNOy LIMS data '20] indicates that the mixing
ratio retrieved in the upper stratosphere should be reduced by as much as a factor 2-5.
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Fig. 11. Comparison beiween observations of nitric acid (balloon-borne experiments ar 3
LIMS data) and a theoretical profile (24 hour average, mid-latitude, equinox).

Ozone has been measured rather systematically and by different technioues over a number of years.
The vertical profile provided by the U3 Standard Atmosphere {21\ which is in close agreement wilh
other data bases is compared in Figure 12 with a model caiculation. The theoretical concentrations are
obviously 20 to 40% lower than the otserved values in the upper stratosphere. This ozone imbalance
which was noted in several investigations 22, 23] ia not yvet explained. It could be due either to unknown
additional production processes of ozone or to errors in some chemical or photochemical parameters. This
problem is a major question as it refiects some unknown processes occurring in the atmospheric region
where photochemical conditions apply and where the largest relative ozone depletions are predicted as
a response to the emission of CFCs.

CONCLUSIONS

Models reproduce most of the observed distributions of the trace species belonging to the oxygen,
hydrogen. nitrogen and chlorine families. Some discrepancies however remain, which reflect errors or
uncertainties in the chemical scheme currently adopted in the models. More work is thus needed to
identify the physical or chemical processes which could explain the cause of these discrepancies. A
more detail comparison between observations and theory, which should account for the latitudinal and
seasonal variation of the trace species concentration, should involve multi-dimensional models.
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Nitric oxide has been measured with an ultraviolet spectrometer on the polar-orbiting saellite Solar Mesosphere
Explorer (SME) for the period Junuary 1982 to August 1986. The nitric oxide database contains densities at all
latitudes sorted into 5°-bins and at altitudes beiween 100 and 140 km soned into 3.3-km-bins. The lurgest
densities oceur at latitudes in the auroral zones where the density varies as a function of geomagnetic activity.
Vanations of a fuctor of 10 occur between times of intense activity and quiet imes. Al low latitudes, the nitrc
oxide censity at 110 km varies from a mean value of 3 x 107 molecules/cm3 in Junuary 1982 10 a mean value of
4x108 nio:= ules/em? during solar minimum conditions in 1986. In addition, the low-latitde nitric oxide densily
varies £30r. with a period of 27 days during times of high solar activity.
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Table 1. NO Density (x 10¢ molecules/cm?)
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Table 1. Nitric oxide density for the 1982-1
Observations for the periods March 7 1o Ap

984 equinox periods as a function of georraphic latitude and altitude.
ril 2 and September 10 10 October 6 for the years 1982, 1983, and

1084 are averaged ogether. The averaged densities are given in units of 10 molecules cm3,
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Figure 2. Nitric oxide density for the 1985-1986 equinox periods as a function of geographic latitude and altitude.
Observations for the periods March 7 to April 2 of 1985 and 1986 and Sepiember 10 to October 6 for the year
1985 are avem&;cd together. The contour interval is 1x 107 molecules cmi and the Jowest contour Jevel is 1x 107
molecules cm2.
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Tuble 2. Nitric oxide density for the 1985-1986 equinox periods as a function of geographic latitude and altitude.
Observations for the periods March 7 10 April 2 of 1985 and 1986 and September 10 10 October 6 for the year
1985 arc averaged wgether. ‘The averaged densities are given in units of 10° molecules cm3.
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Table 3. Nitric oxide density for the 1982-1984 equinox periods as a function of geomagnetic latitude and
allitude. Observations for the periods March 7 1o April 2 and September 10 10 Ociober 6 for the years 1982,
1983, and 1984 are averaged together. The averaged densities are given in units of 10% molecules em?.
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Figure 4. Nirric oxide density for the 1985-1986 equinox periods as a function of geomagnetic latitude and
alntude. Observations for the periods March 7 1o April 2 of 1985 and 1986 and Sepiember 10 10 October 6,
1985, are averaged together. The contour interval is 1x107 molecules cm? and the lowesi contour level is 1x107
molecules cm3.
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Table 4. Nitric oxide density for the 1985- 1986 equinox periods as a funciion of geomagnetic latitude and
alinde. Observations for the periods March 7 1o April 2 of 1985 and 1986 and September 10 10 October 6, 1985,
are averaged together. The averuged densities are given in units of 108 molevules cm3,
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Figure 6. Nimic oxide densily for the 1985-1986 equinox periods as a function of gcomagnetic latitude and
ahitude for days when Ap>30. Observations for the periods March 7 1o April 2 of 1985 and 1986 and
September 10 10 October 6, 1985, are avcm%cd together. The contour interval is 1x 107 molecules cm-3 and the
lowest contour level is 1x107 molecules em™3,
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Table 6. Nitric oxide density for the 1985-1986 equinox periods as a function of geomagnetic Lititude and altitude
lor days when Ap>30. Observations for the periods March 7 w April 2 of 1985 and 1986 and Sepiembier 10 1o
October 6, 1985, ure uveraged together. The averaged densities are given in units ol 10° molecules tm3.



Figure 7. Nitric oxide density for the 1982-1984 equinox periods as a function of geomagneric latitude and
ultilude for days when Ap<S. Observations for the periods March 7 to April 2 and September 10 10 October 6 for
the years 1982, 1983, and 1984 are averaged together. The contour interval is 1x107 molecules cm and the
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Table 7. Nitric oxide density for the 1982-1984 equinox periods s i function of geomagaetic ltitude and altitude
Tor duys when Ap<3. Observations for the periods March 7 10 April 2 and Seprember 10 1o October 6 for the
years 1982, 1983, and 1984 are averaged together. The averaged densities are given in units of 10* molecules
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Figure 8. Nimic oxide density for the 1985-1986 equinox periods as a function of geomagnenc latitude and
alitude for days when Ap<S. Observations for the periods March 7 to Apnil 2 of 1985 and 1986 und
September 10 1o October 6, 1985, ure avcmgfd together. The contour interval is 1x107 molecules cm™ and the
lowest contour level is 1x107 molecules cm.
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Table 8. Nitric oxide density for the 1985-1986 equinox periods as a function of geomagnetic latitude and altitude
for days when Ap<S. Observations for the periods March 7 to April 2 of 195 and 1986 and September 10 10
October 6, 1985, are averaged together. The averaged densities are given in units of 105 molecules em™.
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Figure 9. Nitric oxide density for the 1982-1984 north
and altitude. Observations for the periods June 8 10 July 4 for the years 1982, 1983, and 1984 are averaged
together. The contour interval is 1x10? molecules cm™ and the lowest contour level is 1107 molecules e,
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Table 9. Nitric oxide density for the 1982-1984 northern summer solstice as 4 function of geomagnetic latitude
and altitude. Observations Tor the periods June § 10 July 4 for the years 1982, 1983, and 1984 are averaged
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Figure 10. Nimc oxide density for the 1985-1986 northem summer solstice as a function of geomagnetic latitude
and aldwde. Observations for the periods June § to July 4 for the years 1985 and 1986 are avcr.\%ed together.
The contour interval is 1x107 molecules cm- and the lowest contour level is 1x107 molecules cm2.
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Table 10. Nutric oxide density for the 1985-1986 northern summer solstice as a function of geomagnetic latiiude
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The averiged densiues are given in units of 108 molecules cm3.
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Figure 11. Nitric oxide density for the 1982-1983 southern summer solstice as a function of geomagnetic latitude
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Figure 12. Nitric oxide density for the 1984-1985 northern summer solstice as a function of geomagnetic latitude
and altitude. Observations for the periods December 9 to January 4 for the years 1984 and 1985 are averaged
together. The contour interval is 1x10? molecules cm-3 and the lowesi contour level is 1x107 molecules cmn3,
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ABSTRACT

A provisional Atomic Oxygen Reference model has been derived from average monthly ozone profiles and
the MSIS-86 reference mode] atmosphere. The concentrations are presented in tabular form for the
altitude range 40 - 130 km,

INTRODUCTION

While atomic oxygen is an important constituent in the terrestrial atmosphere the measurement of the
atmospheric concentration profile is extremely difficult /1. Those measurements that have been reported
(see for example Planetary and Space Science, Volume 36, issue #9, 1988) have certainly not suggested any
general agreement on the concentration profile and have indicated that the concentration at the peak of
the layer, near 100 km, may vary by as much as two orders of magnitude /2/. This apparent difference is
illustrated, in Figure 1, for two profiles /3/ that were taken under similar conditions (latitude, season and
time of day), albeit separated by approximately half a solar cycle. However, it should be noted that possible
interactions between the measuring instruments and the ambient atmosphere could seriously influence the
measured concentrations. As the original source of this atomic oxygen must be the dissociation of molecular
oxygen in the thermosphere such large variations would require major fluctuations in either the ultra-violet
solar flux, or in those processes that control the loss of atomic oxygen. These latter could be either
chemistry or transport dominated. While there is general agreement that the atomic oxygen concentration
must exhibit some variation, there is much less agreement as to either the magnitude of these variations
or a mean atomic oxygen profile. Thus any proposed reference model for atomic oxygen must either
include these large, reported, vanations or justify some data selection.

The atomic oxygen profile has been measured with a variety of different experimental techniques and each
has its limitation.

1. Mass Spectrometers - The interactions of the atmospheric constituents with the mass spectrometer walls
have been discussed extensively by Offermann et al. /1/ but there seems to be general agreement that the
cryo-pumped systems are probably the best design for the lower thermosphere. These systems also offer
the advantage that all atmospheric constituents are measured at the same time.
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Figure 1. The apparent variation in the measured atomic oxygen concentration height profile for two
nighttime profiles taken under similar conditions -- latitude, season, time of day -- but separated
by half a solar cycle (P.H.G. Dickinson, private communication).

2. Resonance Lamps ~ The details of the scattering appear to be interpreted differently by the various
groups /4,5/ using this measurement technique so that the apparent concentrations are quite divergent.
Recently there has been some suggestion that interactions between the vehicle and the ambient atmosphere
may compromise the measurements /6/.

3. Oxygen recombination emissions -- The details of the oxygen airglow are still uncertain /7/ so that any
atomic oxygen determination using these emissions is necessarily limited by the understanding of the airglow
excitation process.

4. The OH Meinel emissions - Recent work by McDade and Llewellyn /8/ has shown that our knowledge
of these emissions can be used for atomic oxygen determination but again the accuracy of the derived
concentrations are aiso limited by the knowledge of the airglow processes. However, there have been
significant advances since Good /9/ first derived an atomic oxygen profile from the hydroxyl airglow.

3. The quenching of the nitrogen Vegard-Kaplan bands in the aurora — Although this method has been
used for atomic oxygen determination in the aurora there is a requirement for an independent knowledge
of the excitation rate of the band system. As with many of the remote sensing methods there is some
uncertainty in the appropriate rate constants /10/.

6. The ozonc concentration — The infra-red atmospheric system of oxygen in the airglow can be used to
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determine the ozone concentration /11/ and for the assumption that the ozone amounts are in equilibrium

it is a simple matter to calculate the atomic oxygen profile /12/. Since the airglow emission is very strong
there is little error in the derived atomic oxygen amounts for even strong auroral precipitation.

PROPOSED MODEL

For the mesopause region the available data base for atomic oxygen is somewhat limited. In-situ
measurements are necessarily restricted to the locations of available sounding rocket ranges. To overcome
this restriction it is believed that the best interim models should concur with the MSIS-86 model /13/. Thus
it is proposed that the interim atomic oxygen reference model be a combination of the MSIS-86 model and
the atomic oxygen profile derived from the global ozone distribution /14/. It is this combined interim model
that is tabulated here. The proposed interim model, for atomic oxygen, makes a smooth transition from
the concentrations derived from the global ozone distribution to those of the MSIS-86 model near 100 km.
The adopted MSIS-86 atomic oxygen concentrations correspond, in all cases, 10 quiet solar conditions. The
derivation of the atomic oxygen concentration from the ozone concentration foliows the technique described
by Evans et al. /15/. The calculation of the daytime atomic oxygen profile assumes that the rates of ozone
formation and loss may be equated. As the ozone solar dissociation rate, at any altitude, depends on the
column concentration of azone, above that altitude, and the solar elevation angle both factors were included
in the determination of the atomic oxygen concentration. For each month the mean solar elevation angle
at noon, at that latitude, was used 1o determine the solar dissociation coefficient. The appropriate
atmospheric densities and temperatures were taken from the MAP Reference Atmosphere of Barnett and
Corney /16/ and the chemical rate constants were those used by Evans et al. /15/. While the proposed
reference model must be considered interim it is expected that with new satellites (e.g. UARS) an improved
atomic oxygen reference model should be possible.

Acknowledgements. The authors wish to thank Dr. G. Keating for kindly providing the global ozone
profiles in a computer compatible format and Dr. A. Hedin for making a PC version of the MSIS-86 model
available. The authors are also indebted to Dr. P.H.G. Dickinson for providing a number of unpublished
atomic oxygen profiles.
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Table 1: Zonally averaged Atomic Oxygen Concentrations (cm®) in the Southern Hemisphere

[Concentrations shown as
concentrations are unknown or the atmosphere is in darkness].
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Table 1:
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2.3E+11
3.0E+11
3.0E+11
1.7E+11
3.9E+10
0.0E+00
0.0E+00
0.0E42C
0.0E+00
0.0E+00
0.0E+00
5.2E+09
1.4E+09
2.4E+08

WHSEUVOAOWVMUVHUVURNWWRFHSWLW

Wk 80NN W R W RN W

-60

.7E+10
.1E+10
L4E+10
.2E+11
.7E+11
LGE+]11
L2E+11
L2E+11
L0E+11
.3E+10
.6E+10
.8E+09
.9E+09
.3E+09
.6E+09
. 7E+09
.2E+09
. 7E+09
.8E+08

-60

.9E+10
.3E+10
.7E+10
.2E+11
.8E+11
LSE+11
L3E+11
L2E+11
.BE+11
.2E+10
.0E+10
.6E+10
.2E+09
L4E+09
.3E+09
.6E+09
.5E+09
.6E+09
.1E+08

March
-50

4.0E+10
5.5E+10
8.0E+10
1.3E+11
1.9E+11
2.7E+11
3.5E+11
3.5E+11
2.1E+11
5.3E+10
1.9E+10
5.7E+09
5.2E+09
S.9E+09
6.4E+09

S5.8E+09

4 . 4E+09
1.9E+09
4, 5E+08

April
-50

4. 1E+10
5.6E+10
8.2E+10
1.3E+11
1.9E+11
2.8E+11
3.6E+11
J.4E+11
1.9E+11
4.5E+10
3.2E+10
1.1E+10
5.8E+09
6.6E+09
6.9E+09
6.4E+09
4. 5E+09
1.BE+09
3.7E+08

-40

4.1E+10
5.7E+10
8.2E+10
1.3E+11
2.0E+11
2.9E+11
3.8E+11
3.7E+11
2.1E+11
5.1E+10
2.3E+10
5.9E+09
4 . 9E+09
5.8E+09
6.4E+09
6.0E+09
4.5E+09
2.0E+09
5.1E+08

-40

4.3E+10
S.8E+10
B.4E+10
1.3E+11
2.0E+11
3.0E+11
3.8E+11
3.6E+11
2.0E+11
4.6E+10
3.1E+10
7.8E+09
5.3E+09
6.3E+09
6.6E+09
6.1E+09
4, 7E+09
2.0E+09
4 .3E+08

-30

4.1E+10
5.6E+10
8.2E+10
1.3E+11
2.1E+11
3.1E+11
4.0E+11
3.7E+11
2.1E+11
4 .9E+10
2.5E+10
5.BE+09
5.0E+09
6.1E+09
6.6E+09
6.0E+09
4 .6E+09
2.2E+09
5.6E+08

-30

4 ,2E+10
5.7E+10
8.2E+10
1.3E+11
2.1E+11
3.2E+11
4 0E+11
3.7E+11
2 .0E+11
4. 6E+10
2.7E+10
6.2E+09
2.7E+07
6.5E+09
6.7E+09
6.1E+09
4 . 6E+09
2.1E+09
4.0E+08

-20

4. 0E+10
5.5E+10
7.9E+10
1.3E+11
2.1E+11
3.2E+11
4.0E+11
3.7E+11
2.0E+11
4,6E+10
2.3E+10
5.6E+09
4.9E+09
6.2E+09
6.7E+09
6.1E+09
4. 6E+09
2.4E+409
6.3E+08

-20

4.1E+10
5.5E+10
7.9E+10
1.3E+11
2.2E+11
3.3E+11
4.0E+11
3.7E+11
2.0E+11
4 .5E+10
2.3E+10
5.7E+09
5.0E+09
6.3E+09
6.8E+09
6.2E+09
4, 6E+09
2.2E+09
5.6E+08

-10

3.9E+10
5.3E+10
7.6E+10
1.2E+11
2.2E+11
3.3E+11
4. 0E+11
3.6E+11
2.0E+11
4. 2E+10
2.1E+10
S.4E+09
4. 7E+09
6.1E+09
6.BE+09
6 .4E+09
4, 7E+09
2. 3E+09
6.7E+08

-10

3.9E+10
5.3E+10
7.6E+10
1.2E+11
2.2E+11
3.3E+11
4. 0E+11
3.6E+11
2.0E+11
4. 2E+10
2.5E+10
S.5E+09
4.6E+09
5.9E+09
6.7E+09
6.4E+09
4, 7E+09
2.2E+09
6.2E4+08



Table 1:

Latitude
Alt
130
125
120
115
110
105

Latitude
Alt
130
125
120
115
110
105
100

95
90
85

continued

-80

(kn)

OO0 O0OOOOONFNRNNFROOSW

.3E+10
.6E+10
.6E+10
.OE+11
.SE+11
L2E+11
L7E+411
.SE+11
.3E+11
.8E+10
.0E+00
.0E+00
.0E+00
0E+00
.0E+00
.OE+00
.0E+00
.0E+00
.0E+00

-80

(demm)

COOODODOOCOOONHFNNRNKHOVO W

.2E+10
.4E+10
.3E+10
.8E+10
.SE+11
L1E+11
.6E+11
.3E+11
.2E+11
.4E+10
.OE+00
.0E+00
.0E+00
.0E+00
0E+00
0E+0Q0
.OE+00
.0E+00
.0E+00

-70

3.5E+10
4. 8E+10
7.0E+10
1.1E+11
1.6E+11
2 3E+11
2.9E+11
2.7E+11
1.4E+11
3.1E+10
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
3.4E+09
6.8E+08
1.3E+08

-70

3.3E+10
4. 6E+10
6.6E+10
1.0E+11
1.6E+11
2.2E+11
2.8E+11
2.5E+11
1.3E+11
2.7E+10
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00

-60

3.8E+10
5.2E+10
7 .4E+10
1.1E+11
1.8E+11
2.5E+11
3.2E+11
3.0E+11
1.6E+11
3.4E+10
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
S.4E+09
1.4E+09
2.4E+08

-60

3.5E+10
4 . 9E+10
7.0E+10
1.1E+11
1.7E+11
2.5E+11
3.1E+11
2.8E+11
1.4E+11
3.0E+10
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
4, 4E+09
9.9E+08
2.1E+08

May
-50

4.0E+10
5.4E+10
7.8E+10
1.2E+11
1.9E+11
2.8E+11
3.5E+11
3.3E+11
1.7E+11
3.9E+10
3.7E+10
1.4E+10
7.8E+09
7.2E+09
5.9E+09

.7.4E+09

4 4E+09
1.5E+09
2.9E+08

June
-50

3.7E+10
5.1E+10
7 .4E+10
1.1E+11
1.8E+11
2.7E+11
3.4E+11
3.1E+11
1.6E+11
3.6E+10
0.0E+0Q0
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
5.4E+09
1.5E+09
2.6E+08

40

4,1E+10
5.6E+10
8.0E+10
1.2E+11
2,0E+11
3.0E+11
3.7E+11
3.5E+11
1.9E+11
4.3E+10
3.1E+10
9.1E+09
5.8E+09
7.0E+09
7.0E+09
6.4E+09
4. 5E+09
1.8E+09
3.5E+08

-40

3.8E+10
5.2E+10
7.5E+10
1.2E+11
1.9E+11
2.8E+11
3.6E+11
3.4E+11
1.BE+11
4.1E+10
3.1E+10
9.4E+09
6.4E+09
7.7E+09
7.4E+09
6.5E+09
4 .LE+09
1.6E+09
3.0E+08

-30

4,.0E+10
5.5E+10
7.8E+10
1.2E+11
2.0E+11
3.1E+11
3.9E+11
3.6E+11
1.9E+11
4,.5E+10
2.8E+10
6.8E+09
5.4E+09
6.5E+09
6.8E+09
6.0E+09
1.2E+11
2.3E+09
4. 6E+08

-30

3.7E+10
S.1E+10
7.3E+10
1.1E+11
1.9E+11
3.0E+11
3.7E+11
3.5E+11
1.9E+11
4, SE+10
2.6E+10
6.8E+09
5.7E+09
6.5E+09
7.0E+09
5.9E+09
4.3E+09
1.7E+0%
3.7E+08

-20

3.9E+10
5.2E+10
7.5E+10
1.2E+11
2.1E+11
3.2E+11
3.9E+11
3.6E+11
2.0E+11
4.6E+10
6.9E+10
6.1E+09
4 .8E+09
6.3E+09
7.0E+09
6.2E+09
8.9E+10
2.4E+09
5.4E+08

-20

3.6E+10
4,9E+10
7.0E+10
1.1E+11
2.0E+11
3.0E+11
3.8E+11
3.5E+11
1.9E+11
4. 6E+10
2.4E+10
5.7E+09
4. 7E+0%
6.1E+09
7.0E+09
6.1E+09
4, 4E+09
1.8E+09
4 . 4E+08

-10

3.7E+10
5.0E+10
7.2E+10
1.2E+11
2.1E+11
3.2E+11
3.9E+11
3.6E+11
2.0E+11
4.3E+10
3.2E+10
3.8E+09
4. 3E+09
S.9E+09
7.0E+09
6.5E+09
4 . SE+09
2.0E+09
5.5E+08

-10

3.4E+10
4, 6E+10
6.6E+10
1.1E+11
2.0E+11
3.0E+11
3.7E+11
3.5E+11
1.9E+11
4 . 4E+10
2.5E+10
5.1E+09
4, 2E+ud
6.0E+09
7.2E+09
6.4E+09
4.SE+09
1.9E+09
5.0E+08

145
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Table 1:

Lacitude
Alt
130
125
120
115
110
105
100

95
90
85
80
75
70
65

Lat{itude
Alt
130
125
120
115
110
105

continued

-80

(km)

COOOOCOOODONFNNRNKMFOVONSW

.1E+10
.3E+10
.2E+10
.7E+10
.SE+11
.1E+11
.6E+11
.3E+11
.2E+11
.5E+10
.0E+00
.0E+00
.0E+00
.0E+00
.0E+00
.0E+00
.0E+00
.OE+00
.0E+00

-80

g

COOCOCQOOOOWHRNNRNKMMFO W

.2E+10
.GE+10
LE+10
.OE+11
.5E+11
L1E+11
.7E+11
6E+11
.4E+11
1E+10
.0E+00
0E+00
0E+00
.QE+00
.0E+00
OE+00
.0E+00
.0E+00
.0E+00

-70

3.3E+10
4.5E+10
6.5E+10
1.0E+11
1.5E+11
2,2E+11
2 _BE+11
2. 5E+11
1.3E+11
2, 7E+10
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00

-70

3.4E+10
4,.6E+10
6.7E+10
1.0E+11
1.6E+11
2.3E+11
2.9E+11
2.BE+11
1.5E+11
3.3E+10
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
1.3E+09
3.0E+08
1.0E+08

-60

3.5E+10
4 .BE+10
6.9E+10
1.1E+11
1.7E+11
2.4E+11
3.1E+11
2.8E+11
1.5E+11
3.1E+10
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
3.BE+09
8.8E+08
1.8E+08

-60

3.6E+10
5.0E+10
7.2E+10
1.1E+11
1.7E+11
2. 5E+11
3.2E+11
3.0E+11
1.6E+11
3.7E+10
2.9E+10
1.4E+10
8.0E+09
7.4E+09
7.0E+09
5.1E+09
3.2E+09
1.0E+09
2.5E+08

July
-50

3.6E+10
5.0E+10
7.2E+10
1.1E+11
1.8E+11
2.6E+11
3.3E+11
3.1E+11
1.6E+11
3.6E+10
2.5E+10
1.2E+10
7.6E+09
7.9E+09
0.0E+00
0.0E+00
4. 8E+09
1.4E+09
2.6E+08

August
-50

3.8E+10
5.2E+10
7.6E+10
1.2E+11
1.8E+11
2.7E+11
3.4E+11
3.3E+11
1.8E+11
4,1E+10
2.8E+10
1.1E+10
6.6E+09
7.4E+09
6.8E+09
6.0E+09
3.7E+09
1.3E+09
2.9E+08

-40

3.7E+10
5.1E+10
7.3E+10
1.1E+11
1.9E+11
2.8E+11
3.6E+11
3.3E+11
1.8E+11
4.1E+10
2.5E+10
8.8E+09
5.8E+09
7.1E+09
6.9E+09
6.1E+09
4. 1E+09
1.5E+09
2.9E+08

-40

3.9E+10
5.3E+10
7.7E+10
1.2E+11

*1.9E+11

2.9E+11
3.6E+11
3.4E+11
1.9E+11
4 .4E+10
2.8E+10
9.2E+09
6.3E+09
7.1E+09
6.6E+09
5.8E+09
4. 0E+09
1.5E+09
3.2E+08

-30

3.6E+10
5.0E+10
7.1E+10
1.1E+11
1.9E+11
2.9E+11
3.7E+11
3.4E+11
1.9E+11
4.4E+10
2.5E+10
6.6E+09
5.4E+09
6.4E+09
6.7E+09
5.9E+09
4.3E+09
1.6E+09
3.6E+08

-30

3.8E+10
5.2E+10
7.5E+10
1.2E+11
2.0E+11
3.0E+11
3.8E+11
3.5E+11
1.9E+11
4 ,SE+10
2.6E+10
7.6E+09

5.8E+09-

6.3E+09
6.7E+09
6.0E+09
4 .3E+09
1.7E+09
3.9E+08

-20

3.5E+10
4,7E+10
6.8E+10
1.1E+11
1.9E+11
3.0E+11
3.7E+11
3.4E+11
1.9E+11
4.5E+10
2.3E+10
5.5E+09
4. 6E+09
6.1E+09
6.8E+09
6.1E+09
4 . LE+09
3.9E+08
3.3E+08

-20

3.7E+10
5.0E+10
7.2E410
1.1E+11
2.0E+11
3.0E+11
3.8E+11
3.5E+11
1.9E+11
4. SE+10
2.4E+10
6.0E+09
5.0E+09
6.0E+09
6.7E+09
6.2E+09
4. 5E+09
2,0E+09
4.7E+08

-10

3.3E+10
4.5E+10
6.5E+10
1.1E+11
1.9E+11
3.0E+11
3.7E+11
3.4E+11
1.9E+11
4.3E+10
2.1E+10
4.9E+09
4 . LE+09
6.0E+09
7.1E+09
6.4E+09
4 _6E+09
2.0E+09
4 _BE+0O8

-10

3.5E+10
4.7E+10
6.8E+10
1.1E+11
2.0E+11
3.1E+11
3.8E+11
3.4E+11
1.9E+11
4 2E+10
2.1E+10
5.3E+09
4 . 4E+09
6.0E+09
7.0E+09
6.5E+09
4 . TE+09
2.1E+09
5.4E+08



Table 1:

Latictude
Alt
130
125
120
115
110
105

continued

-80

(km)

EFRN R OOONHRNEHMWRONEEGOESW

.3E+10
.5E+10
.6E+10
.OE+1l
.SE+11
L2E+11
L9E+11
.OE+11
.8E+11
.3E+10
.SE+10
LLE+10
.BE+09
.0E+09
.0E+00
.OE+00
.OE+09
.5E+08
.1E+08

-80

(km)

U\DNU’O\\IW\OHG\NNMMHHO\L‘Q

.2E+10
L4E+10
.6E+10
.0E+11
L5E+11
L1E+11
.9E+11
L2E+11
L2E+11
.3E+10
.BE+10
.1E+09
.0E+09
.QE+09
.BE+09
.1E+09
.7E+09
.9E+08
.1E+08

-70

3.5E+10
4. 8E+10
7.1E+10
1.1E+11
1.6E+11
2.3E+11
3.0E+11
3.1E+11
1.8E+11
4 .5E+10
2.8E+10
1.6E+10
B.1E+09
7.3E+09
7 .0E+09
5.8E+09
3.1E+09
1.0E+09
2.9E+08

-70

3.4E+10
4. BE+10
7.1E+10
1.1E+11
1.6E+1}
2.3E+11
3.0E+11
3.3E+11
2.2E+11
6.2E+10
2.4E+10
8.9E+09
7.7E+09
6.9E+09
6.7E+09
5.6E+09
3.6E+09
1.4E+09
4 .1E+08

-60

3.8E+10
5.2E+10
7.6E+10
1.2E+11
1.8E+11
2.5E+11
3.3E+11
3.3E+11
1.9E+11
4, 7E+10
3.1E+10
1.4E+10
7.2E+09
7.3E+09
6.8E+09
5.BE+09
3.7E+09
1.4E+09
3.7E+08

-60

3.8E+10
5.3E+10
7.BE+10
1.2E+11
1.8E+11
2.5E+11
3.3E+11
3.4E+11
2.2E+11
6.0E+10
2.8E+10
9.0E+09
7.7E+09
7 .0E+0%
6.6E+09
6.2E+09
4 .0E+09
1.6E+09
4 ,3E+08

September

-50

4,1E+10
5.6E+10
8.1E+10
1.3E+11
1.9E+11
2.8E+11
3.6E+11
3.5E+11
2.0E+11
4.9E+10
3.3E+10
1.2E+10
6.7E+09
7.3E+09
6.7E+09
S.8E+09
4. 0E+09
1.6E+09
3.7E+08

40

4 .2E+10
S.8E+10
8.3E+10
1.3E+11
2.0E+11
3.0E+11
3.8E+11
3.7E+11
2.1E+11
4 ,9E+10
3,2E+10
9.4E+09
&.3E+09
6.9E+09
6.6E+09
5.8E+09
4. 3E+09
1.8E+09
4 OE+08

October

-50

4. 2E+10
5.7E+10
8.4E+10
1.3E+11
2.0E+11
2.BE+11
3.6E+11
3.7E+11
2.2E+11
5.9E+10
2.9E+10
8.BE+09
7.1E+09
6.8E+09
6.6E+09
5.8E+09
4. 3E+09
1.9E+09
4, 6E+08

-40

4 . 4E+10
6.0E+10
8.7E+10
1.4E+11

«2.1E+11

3.1E+11
4 . OE+11
3.9E+11
2.3E+11
5.7E+10
2.BE+10
7.6E+09

6.4LE+09,

6.4E+09
6.5E+09
5.9E+09
4,5E+09
2.1E+09
5.1E+08

-30

4,2E+10
5.7E+10
8.2E+10
1.3E+11
2.1E+11
3.2E+11
4 . 0E+11
3.7E+11
2.0E+11
4, 8E+10
2.9E+10
7.3E+09
5.8E+09
6.1E+09
6.5E+09
6.0E+09
4 SE+09
2.0E+09
4, 7E+08

-30

4 4E+10
6.0E+10
8.7E+10
1.4E+11
2.2E+11
3.3E+11
4.2E+11
4 . 0E+11
2.2E+11
5.3E+10
2.5E+10
6.6E+09
5.6E+09
6.0E+09
6.5E+09
6 .0E+09
4, 6E+09
2.2E+09
5.5E+08

-20

4 . 0E+10
5.5E+10
7.9E+10
1.3E+11
2.2E+11
3.3E+11
4 . 1E+11
3.7E+11
2.0E+11
4, 6E+10
2.5E+10
6.2E+09
$.2E+09
5.7E+09
6.5E+09
6.1E+09
4. 5E+09
2.1E+09
5.4E+08

-20

4 .3E+10
5.8E+10
8.4E+10
1.4E+11
2.3E+11
3.5E+11
4 3E+11
4 ,0E+11
2.1E+11
4 .9E+10
2.3E+10
6.2E+09
5.3E+09
5.7E+09
6.4E+09
6.1E+09
4.6E+09
2.2E+09
6.0E+08

147

-10

3.9E+10
5.3E+10
7.5E+10
1.2E+11
2.2E+11
3.3E+11
4.0E+11
3.6E+11
2.0E+11
4 . 3E+10
2.2E+10
S.5SE+09
4 . 4E+09
5.6E+09
6.7E+09
6.4E+09
4, 6E+09
2.2E+09
6.0E+08

-10

4.2E+10
5.7E+10
8.2E+10
1.3E+11
2 .4E+11
3.6+ 1
4 .3E+11
3.9E+11
2.1E+11
4. 5E+10
2.4E+10
6 . SE+09
4, 7E+09
S.3E+09
6.5E+09
6.3E+09
4, 7E+09
2. 3E+09
6.3E+08
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Table 1: continued
Latitude -80
Alt (km)
130 2.9E+10
125 4.1E+10
120 &.1E+10
115 9.9E+10
110 1.4E+11
105 1.9E+11
100 2.7E+11
95 3.2E+11
90 2.5E+11
85 B8.4E+10
80 6.1E+09
75 5.7E+09
70 6.7E+09
65 6.7E+09
60 6.6E+09
55 5.0E+09
50 2.9E+09
45 1.1E+09
40 3.2E+08
Laticude -80
Alc (km)
130 2.6E+10
125 3.7E+10
120 5.6E+10
115 9.2E+10
110 1.3E+11
105 1.8E+11
100 2.5E+11
95 3.1E+11
90 2.5E+11
85 9.7E+10
BO 4.6E+09
75 5.0E+09
70 6.6E+09
65 7.1E+09
60 6.6E+09
55 4.BE+09
50 2.9E+09
45 1.2E+09
40 3.3E+08

-70

3.1E+10
4 .4E+10
6.7E+10
1.1E+11
1.5E+11
2.1E+11
2.9E+11
3.2E+11
2.3E+11
7.7E+10
7 .4E+09
5.5E+09
6.5E+09
6.6E+09
&.6E+09
5.3E+09
3.4E+09
1.4E+09
4. 0E+08

-70

2.8E+10
4 . 0E+10
6.1E+10
1.0E+11
1.4E+11
2 0E+11
2.7E+11
3.1E+11
2 .4E+11
8.SE+10
5.1E+09
4. 6E+09
6.3E+09
7.1E409
6.9E+09
5.2E+09
3.3E+09
1.4E+09
4. 0E+08

-60

3.5E+10
4.9E+10
7.4E+10
1.2E+11
1.7E+11
2.4E+11
3.1E+11
3.4E+11
2.3E+11
7.1E+10
9.8E+09
5.9E+09
6 .4E+09
6.5E+09
6.6E+09
5.7E+09
3.BE+09
1.7E+09
4. 6E+08

-60

3.2E+10
4.5E+10
6.9E+10
1.1E+11
1.6E+11
2.3E+11
3.0E+11
3.2E+11
2.3E+11
7.6E+10
5.7E+09
4. 8E+09
5.9E+09
6.8E+09
7.0E+09
5.6E+09
3.7E+09
1.7E+09
4 .BE+08

November
-50 -40

3.9E+10 4 .1E+10
S5.4E+10 S5.7E+10
B8.1E+10 8.SE+10
1.3E+11 1.4E+11
1.9E+11 2.1E+11
2.7E+11 3 ,0E+11l
3.5E+11 4.0E+11
3.7E+11 4 .0E+11
2. 4E+11 2.4E+11
6.8E+10 6.4E+10
1.2E+10 1.6E+10
5.5E+09 5.9E+09
6.2E+09 S.BE+09
6.3E+09 6.0E+09
7.2E+09 6.6E+09
5.9E+09 6.2E+09
4.1E+09 4.4E+09
2.0E+09 2.2E+09
S.4E+08 6.1E+08

December
-50 -40

3.6E+10 3. 8E+10
5.0E+10 5.3E+10
7.6E+10 8.0E+10
1.3E+11 1.3E+1ll
1.9E+11 2.0E+11
2.6E+11 2.9E+11
3.4E+11 3 .8E+11
3.6E+11 3 .9E+11l
2.4E+11 2.5E+11
7.2E+10 6.8E+10
7.8E+09 1.1E+10
4.6E+09 4 _6E+09
5.5E+09 5.3E+09
6.5E+09 6.1E+09
7.0E+09 6 .9E+09
6.0E+09 6.2E+09
4.0E+09 4 .3E+09
1.9E+09 2.1E+09
S.5E+08 6.1E+08

-30

4 2E+10
5.8E+10
8.6E+10
1.4E+11
2.2E+11
3.3E+11
4.3E+11
4.2E+11
2.4E+11
5.8E+10
1.8E+10
5.8E+09
5.4E+09
5.8E+09
6.7E+09
6.2E+09
4.6E+09
2.3E+09
6.4E+08

-30

3.9E+10
5.4E+10
8.0E+10
1.3E+11
2.1E+11
3.2E+11
4.2E+11
4.2E+11
2.4E+11
6.1E+10
1.4E+10
4. 6E+09
2. 4E+09
6 .0E+09
7.2E+09
6 .4E+09
4 _SE+09
2.2E+09
6.4E+08

-20

4.2E+10
5,.7E+10
8.4E+10
1.4E+11
2.3E+11
3.5E+11
4.5E+11
4.2E+11
2.3E+11
5.3E+10
2.0E+10
6.0E+09
4. 7E+09
5.6E+09
6.6E+09
6.2E+09
4.6E+09
2.3E+09
6.5E+08

-20

3.9E+10
5.3E410
7.9E+10
1.3E+11
2.2E+11
3.4E+11
4. 4E+11
4,2E+11
2,3E+11
5.4E+10
1.8E+10
5.3E+09
4. 5E+09
6.1E+09
7.4E+09
6.5E+09
4. 7E+09
2.3E+09
6. 4E+08

-10

4 .1E+10
5.7E+10
8.2E+10
1.3E+11
2.4E+11
3.6E+11
4 .SE+11
4.1E+11
2.2E+11
4, BE+10
2.4E+10
6 .4E+09
4. 7E+09
5.4E+09
6.9E+09
6 .4E+09
4 _6E+09
2.3E+09
6.5E+08

-10

3.9E+10
5.3E+10
7.8E+10
1.3E+11
2.3E+11
3.5E+11
4. 4E+11
4.1E+11
2.3E+11
4. 8E+10
2.2E+10
5.7E+09
%4, 8E+09
6.1E+09
7.5E+09
6.8E+09
4. 8E+09
2,3E+09
6.3E+08



Table 2: Zonally averaged

[Concentrations

149

Atomic Oxygen Concentrations (cn?) in the Northern Hemisphere

shown as O.0E+00 have not been calculated as

concentrations are unknown

Latitude 0
Al (km)
130 3.2E+10
125 4.3E+10
120 6.3E+10
115 1.0E+11
110 1.9E+11
105 2.9E+11
100 3.6E+11
95 3.3E+1ll
90 1.9E+1l
85 3.9E+10
8C 3.8E+10
75 S5.2E+09
70 4.7E+09
65 6.0E+09
60 7.2E+09
55 6.7E+09
50 & .8E+09
45 2.3E+09
40 6.2E+08

Latitude 0
Alt (km)
130 3.4E+10
125 4.6E+10
120 6.6E+10
115 1.1E+11
110 2.0E+11
105 3.0E+11
100 3.7E+11
95 3.4E+11
90 1.9E+11
85 3.9E+10
80 2.3E+10
75 5.7E+09
70 4.SE+09
65 5.9E+09
60 6.8E+09
55 6.5E+09
50 4.8E+09
45 2.4E+09
40 6.7E+08

waO\O‘UbUNuHUUNHFV\“W

ON}O@U&@MWHWUMHHO\&‘U

10

.1E+10
.3E+10
.2E+10
LOE+11
.9E+11
.9E+11
L6E+11
L3E+11
.BE+11
.9E+10
.3E+10
.7E+09

5E+09

.8E+09
.9E+09
.SE+09
.7E+09
.1E+09
.6E+08

10

.3E+10

SE+10

.6E+10
L1E+11
L9E+11
LOE+11
.6E+11

4E+11
8E+11
9E+10

JGE+10
.0E+09
.6E+09
.SE+09
.6E+09
.SE+09
.7E+09
L2E+09
.2E+08

or the atmosphere is in darkness).

20

.1E+10
.3E+10
LJE+10
L0E+11
.BE+11
.7E+11
LSE+11
LLE+1)
.9E+11

4E+10

L4E+10
.1E+09
. 7E+09
.BE+D9
.6E+09
L 2E+09
.LE+09
.OE+09
.9E+08

20

.3E+10
.SE+10
.6E+10
L1E+11
L9E+11
.BE+11
.6E+11
LGE+1)
L9E+11
.3E+10
L8E+10
.3E+09
.OE+09
. SE+09
.2E+09
.1E+09
. SE+09
.1E+09
.SE+08

January

30

L1E+10
.3E+10
LGLE+10
L1E+11
L7E+11
LSE+11
4E+11
L4E+11
LOE+11
L9E+10
LLE+10
.TE+09
L4LE+09
.0E+09
LE+09
.BE+09
.1E+09
.TE+09
.0E+08

3
4
6
1
1
2
3
3
2
5

2
1
6
7
6
5
3
1
2

40

.0E+10
,2E+10
.LE+10
.1E+11
L6E+11
L3E+1]
.1E+11
.2E+11
LOE+11
.5E+10
LLE+10
LIE+10
.3E+09
.6E+09
.OE+09
.5E+09
.7E+09
.3E+09
.9E+08

February

30

L3E+10
.6E+10

7E+10

.1E+11
.BE+11
L6E+11
.5E+11
LGE+11

9E+11

L7E+10
.BE+10
.5E+09
.S5E+09
.7E+09

0E+09

.BE+09
.3E+09
.9E+09
.6E+08

3
4
6
1
1
2
3
3
2
5
2

1
6
6
5
5
4
1
3

40

.3E+10
.5E+10
.7E+10
1E+11
L7E+11
LLE+1L
L2E+11
.2E+11
.0E+11
.2E+10
.7E+10
LLE+10
., 2E+09
.1E+09
.7E+09
.6E+09
.1E+09
.BE+09
.JE+08

50

2.9E+10
4.1E+10
6.2E+10
1.0E+11
1.5E+11
2.1E+11
2.8E+11
3.0E+11
2.0E+11
6.0E+10
2.9E+10
1.5E+10
9.4E+09
7.6E+09
7.2E+0%
5.4E+09
2 .BE+09
8.9E+08
2.0E+08

HNNMU‘&D—‘HNU\NNNNHPU\“U

60

L7E+10
L9E+10
L9E+10
.7E+10
LLE+11
L9E+11
LSE+11
LBE+11
L0E+11
.5E+10
.SE+10
LE+10
.2E+10
.9E+09
.LE+09

0E+00

.9E+09
.SE+08
.1E+08

60

.0E+10
.1E+10
.2ZE+10
.0E+11
.SE+11
L0E+11
L7E+11
.9E+11
.OE+11
.9E+10
L4E+10
.8E+10
L1E+10
.2E+09
.2E+09
.2E+09
.BE+09
.6E+08
.6E+08

either the ozone

70

.6E+10
.6E+10
.S5E+10
.0E+10
LIE+11
L7E+11
LLE+1L
L7E+11
J1E+11
.4LE+10
.0E+00
.0E+00
.OE+00
.OE+00
.OE+00
.0E+00
.OE+00
.OE+00
.0E+00

70

.BE+10
.9E+10

8E+10

.4E+10
L3E+11

9E+11

.5E+11
.9E+11
.0E+11
.5E+10
.7E+10
.SE+10
.2E+10
.5E+09
.6E+09
. 7E+09
.6E+08
.9E+08
.2E+07

80

2.4E+10
3.4E+10
S.2E+10
B.5E+10
1.2E+11
1.6E+11
2.3E+11
2.8E+11
2.3E+11
8.6E+10
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+00
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Table 2: continued
Latitude 0
Alt (km)
130 3.8E+10 3
125 5.2E+10 5
120 7.4E+10 7
115 1.2E+11 1
110 2.2E+11 2
105 3.3E+11 3
100 4.0E+11 4
95 3.6E+11 3
90 2.0E+11 1
85 4.0E+10 4.
80 2.0E+10 2
75 5.4E+09 5
70 4.SE+09 4
65 S.BE+09 S
60 6.BE+09 6
55 6.5E+09 6
50 4.8E+09 4
45 2.3E+09 2
40 6.8E+08 6
Latictude 0
Alt (km)
130 3.8E+10 3
125 S5.2E+10 S
120 7.4E+10 7
115 1.2E+11 1
110 2.2E+11 2
105 3.3E+1l 3
100 3.9E+11 3
95 3.6E+11 3
90 1.9E+11 1
B85 3.9E+10 4
BO 2.5E+10 2
75 S5.5E+09 5
70 G LE+09 4
65 S5.7E+09 5
60 6.7E+09 &
55 6.5E+09 6
50 4.0E+09 4
45 2.2E+09 2
40 6.4E+08

10

.9E+10
.2E+10
.SE+10
.2E+11
.2E+11
L3E+11
.OE+11
.6E+11
.9E+11

2E+10

.2E+10
.9E+09
.5E+09
.6E+09
.6E+09
L4E+09
. 7E+09
.3E+09
.5E+08

10

.8E+10
.1E+10
L4E+10
L2E+11

L1E+11

L2E+11

L9E+11

.SE+11
.9E+11
.1E+10.
.5E+10
.4E+09
.7E+09
.6E+09
.6E+09
.4E+09
.7E+09
.3E+09
.5E+08

RSOV S HWWWRN WL W

R PP OOV S FWWWR NV W

20

.9E+10
.3E+10
.6E+10
L2E+11
L1E+11
.2E+11
.9E+11
.6E+11
L9E+11
.5E+10
.6E+10
.7E+09
.1E+09
.7E+09
.2E+09
.2E+0%
.6E+09
.2E+09
.0E+08

20

.BE+10
L2E+10
.5E+10
L2E+11
.CE+11

1E+11

.9E+11
L6E+11
L9E+11
L4E+10
.6E+10
.QOE+09
.4E+0S

9E+09
4E+09

.1E+09
.3E+09
.2E+09
.2E+08

VMRSV ULONNDSNWWIWRN - Wb» S

VRN P OOV WERNWWRN -y bW

March

30 40
.0E+10 3.9E+10
L4E+10 5.4E+10
.8E+10 7.8E+10
.2E+11 1.2E+11
LOE+11 1.9E+11
.OE+11 2.8E+1l
.8E+11 3.6E+11
.6E+11 3 SE+11
.OE+11 2.0E+11
.6E+10 4.7E+10
.9E+10 3,2E+10
.6E+09 1.2E+10
.BE+09 6.0E+09
.BE+09 6.2E+09
.1E+0% 6.1E+09
.OE+09 5_BE+09
.SE+09 4 _4E+09
.1E+09 2,0E+09
.3E+08 4.8E+08

April

30 40
.8E+10 3.7E+10
.2E+10 5.2E+10
LBE+10 7.6E+1D
L2E+11 1.2E+11
.9E+11 1.BE+1l
L9E+11 2.7E+11
.7E+11 3.5E+11
.SE+11 3.4E+11
LOE+11 2.0E+11
.7E+10 5.0E+10
.OE+10 3.1E+10
.5E+09 9.2E+09
.9E+09 6. E+0Y
.QOE+09 6.2E+09
.AE+09 6.5E+09
.1E+09 6.1E+09
L7E+12 4 6E+09
.2E+09 2.2E+09
.9E+08 5.BE+08

VMRS NWDRWWR = W

E PV WE e WW N W

50

.8E+10
.3E+10
.7E+10
.2E+11
.8E+11
.6E+11
J4E+11
L3E+11
L9E+11

7E+10

.1E+10

7E+10

.2E+09
.6E+09
.1E+09
. 7E+09
.2E+09
. 7E+09
.0E+08

S0

.6E+10
.0E+10
L4E+10
L2E+11
L7E+11
.S5E+11
C2E+11
J2E+11
L0E+11
.3E+10
.9E+10
.0E+10
.BE+Q%
.4E+09
.S5E+09
.0E+09
.3E+09
.0E+09
.2E+08

P W i~ O R RS WL NS W

EUOD VOO RN WWRN W

60

.7E+10
.1E+10
.GE+10
.2E+11
.7E+11
.5E+11
L2E+11
L2E+11
.9E+11
.7E+10
.8E+10
.1E+10
.4E+09
.OE+09
.9E+09
.5E+09
.9E+09
.3E+09
.4LE+08

60

L4E+10
.7E+10
.0E+10
L1E+11
L6E+11
.3E+11
.0E+11
J1E+11
.OE+11
.5E+10
.8E+10

2E+10

.9E+09
.8E+10
.4E+09
.8E+09
.1E+09
.1E+09
.6E+08

Ll R Y R e I e N

NHWOUORANHFRNUVUR WD =S W

70

.5E+10
.9E+10
.1E+10
.1E+11
.6E+11
L3E+11
.1E+11
.1E+11
.9E+11
.6E+10
.3E+10
.9E+10
.2E+10
.4E+09
.9E+09
.3E+09
.0E+09
.1E+08
.7E+08

70

L2E+10
.5E+10
.6E+10
L1E+11
.SE+11
J1E+11
.BE+11
.OE+11
.OE+11
.8E+10
.5E+10
.3E+10
.8E+09
. 7E+09
.2E+09
.6E+09
.7E+09
.2E+09
.BE+08

3
4
6
1
1
2

80

.5E+10
.7E+10
.9E+10
.1E+11
.6E+11
.3E+11
.OE+11

3.1E+11

A B - N e e

HRORBULMAPFDMHNRDWRRN OS> W

.8E+11
.6E+10
.BE+10
L4E+10
.1E+10
. 7E+09
. 2E+09
.2E+09
.0OE+08
.9E+08
L4E+07

80

.1E+10
.3E+10
LLE+10
.0E+11
LAE+11
.0E+11
.BE+11
.1E+11
J1E+11
.1E+10
.8BE+10
.2E+10
.7E+09
.9E+10
.0E+09
LLE+09
.8E+09
LLE+09
.BE+08



Table 2: continued
Laticude 0
Alt (km)
130 3.6E+10 3
125 &4.BE+10 4
120 7.0E+10 6
115 1.1E+11 1
110 2.1E+11 2
105 3.2E+11 3
100 3.8E+11 3
95 3,5E+11 3
90 1.9E+11 1.
85 4.0E+10 4
80 3.3E+10 3
75 5.8E+09 5
70 4.5E+09 4
65 5.7E+09 6
60 6.9E+0% 6
55 6.5E+09 6
SO 4.6E+09 4
45 2.1E+09 2
40 S5.9E+08 6
Latitude 8]
Alt (km)
130 3.3E+10 3
125 4.4E+10 4
120 6.4E+10 6
115 1.1E+11 1
110 2.0E+11 1
105 3.0E+11 2
100 3.7E+11 3
95 3.4E+11 3
90 1.9E+11 1
85 4.0E+10 4
80 2.5E+10 2
75 5.1E+409 5
73 L.2E+C5 &
65 6.0E+09 6
60 7.3E+09 7
55 6.5E+09 6
50 4.6E+09 4
45 2.1E+09 2
40 5.5E+08 5

10

.5E+10
.8E+10
.9E+10
.1E+11
.0E+11
L1E+11
.BE+11
.5E+11

9E+11

.OE+10
.QE+10
.7E+09
.7E+09
.OE+09
.9E+09
.3E+09
.6E+09
.2E+09
.2E+08

10

.2E+10
L4LE+10
.4E+10
.1E+11
.9E+11
.9E+11
.6E+11
LGE+11
L9E+11
.0E+10 .
.3E+10
.0E+09
.4E+09
.2E+09
LLE+09
L4E+09
.7E+09
.1E+09
.BE+08

AN EC ROV VRNE HWWN =W

mwbmva«bmwbr—-uum»-‘wo\bw

20

.5E+10
.BE+10
.0E+10
.1E+11
.9E+11
.9E+11
L8E+11
.SE+11
.9E+11
.5E+10
.7E+10
.7E+09
.2E+09
.2E+09
.BE+09
.2E+09
.7E+09
L2E+09
.1E+08

20

.2E+10
L4E+10
.5E+10
.1E+11
.8E+11
.8E+11
.6E+11
LGE+11
L9E+11
.5E+10
.0E+10
.1E+09
.SE+09
LLE+09
L4E+09
.3E+09
. 7E409
.2E+09
.8E+08

NSOV ONSRNWWN MW

MW FO NPV ULRNWLRRE PO RWL

May

30

.SE+10 3,
.BE+10 4.
.1E+10 7.
L2E+11 1.
.BE+11 1.
L7E+11 2.
L6E+11 3.
LSE+11 3.
LOE+11 2.
L9E+10 5.
.3E+10 1.
L2E+09 5.
L2E+09 5.
.1E+09 6.
.7E+09 6.
.2E+09 6.
JE+09 4.
L2E+09 2.
.OE+08 6.

June

30

L2E+10 3.
LGLE+10 4,
L6E+10 6.
L1E+11 1.
LJE+11 1.
L6E+11 2.
L4E+11 3.
L4E+11 3
L0E+11 2.
.1E+10 5.
L7E+10 1.
.1E+09 4.
.9E+09 4.
.1E+09 6.
.1E+09 7.
.2E+09 6.
L6E+09 4.
.2E+09 2.
.8E+08 5.

40

4E+10
8E+10
1E+10
2E+11
BE+11
SE+11
3E+11
4E+11
OE+11
4E+10
9E+10
BE+09
SE+0%
1E+09
SE+09
2E+09
5E+09
2E+09
OE+08

40

1E+10
4E+10
6E+10
1E+11
7E+11
4E+11
2E+11

.3E+11

1E+11
7E+10
3E+10
9E+09
9E+09
2E+09
OE+09
1E+09
3E+09
1E+09
6E+08

N E2 A DAL ORWRN RO W

LN SO UL UMRWWR O W

50

.3E+10
.6E+10
.9E+10
.1E+11
.6E+11

3E+11

.OE+11
L1E+11
.OE+11
.8E+10
.6E+10
.9E+09
.8E+09
L4E+09
.7E+09
.1E+09
.3E+09
.OE+09
.5E+08

50

.0E+10
.2E+10
L4LE+10
L1E+11
.6E+11
L2E+11
.9E+11
.0E+11
L.0E+11
.1E+10
.2E+11
.2E+10
.1E+09
.7E+09
L2E+09
.0E+Q9
.1E+09
.9E+09
.2E+08

#H&‘MU\O\Q‘MHO‘NNMNP"HU‘#U

PHWWLWNSNVEO RN OO RN

60

.1E+10
.3E+10
.SE+10
L1E+11
LSE+11
L1E+11
L7E+11
.9E+11
.0E+11
L3EH10
L2E+10
LLE+09
.OE+09
.BE+09
.7E+09
.9E+09
.0E+09
.8E+09
.7E+08

60

.BE+10
.0E+10
.0E+10
L9E+10
LGE+11
.OE+11
L6E+11
.BE+11
.0E+11
.6E+10
.2E+09
.SE+09
.SE+09
. 2E+09
.2E+09
.6E+09
.7E+09
.7E+09
.6E+08

uD—‘ULﬂO‘O\O\U‘\O\JNNNP—‘P—‘\DQ“‘N

WHEWWMOA UMD NN OO0 WLR

70

.9E+10
.1E+10
.1E+10
.8E+10
L4E+11
.9E+11
.6E+11
L9E+11
.1E+11
.0E+10
.9E+09
.1E+09
.4E+09
.8E+09
.6E+09
.6E+09
.6E+09
.3E+09
.7E+08

70

.6E+10
.7E+10
.6E+10
.2E+10
L3E+11
.8E+11
LLE+11
.BE+11
L.1E+11
.6E+10
.8E+09
.3E+09
.9E+09
.3E+09
.9E+09
.3E+09
.3E+09
.4E+09
.BE+08

NHWUO\O‘U\U‘\I\INUNP“H\DU‘HN

WHRNSOANOEFORNNONEHREPOWVMWR

80

.8E+10
.9E+10
.BE+10
.3E+10
L3E+11
.8E+11
.5E+11
LOE+11
.3E+11
.9E+10
LLE+09
.3E+09
.9E+09
. 7E+09
.SE+09
.2E+09
.1E+09
.1E+09
.7E+08

80

.SE+10
.5E+10
.3E+10
.7E+10
.2E+11
L7E+11
.3E+11
L9E+11
L4E+11
.9E+10
.GLE+09
.9E+10
.2E+09
.2E+09
.SE+09
L8E+09
.9E+09
.1E+09
.OE+08
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Table 2: continued
Latitude [+]
Alt (km)
130 3.2E+10 3
125 4.3E+10 &
120 6.3E+10 6
115 1.0E+1l1 1
110 1.9E+11 1
105 2.9E+11 2
100 3.6E+11 3
95 3,3E+11 3
90 1.9E+11 1
85 3.9E+10 3.
80 2.0E+10 2
75 5.2E+0% 5
70 &4.4E+09 &
65 6.1E+09 6
60 7.3E+09 7
55 6.6E+09 6
50 4.7E+09 4
45 2.1E+09 2
40 5.5E+08 5
Latitude 0
Alt (km)
130 3.4E+10 3
125 &4.6E+10 4
120 6.6E+10 &
115 1.1E+11 1
110 2.0E+11 1
105 3.0E+11 3
100 3.7E+11 3
95 3.4E+11 23
90 1.9E+11 1
85 3.9E+10 3
80 2.0E+10 3.
75 5.1E+09 5
70 4.6E+0% 4
65 6.1E+09 6
60 7.1E+09 7
55 6.6E+09 &
50 4.8E+09 4
45 2.3E+09 2
40 5.9E+08B 6

10

.1E+10
J3E+10
.2E+10
.0E+11
.9E+11
.9E+11
L6E+11
.3E+11
.8E+11

9E+10

.0E+10
.JE+09
.JE+09
.3E+09
.5E+09
.6E+09
. 7E+09
L2E+09
.TE+08

10

.3E+10
.S5E+10
.6E+10
.1E+11
L9E+11
.0E+11
.6E+11
JLE+11
.BE+11
.9E+10

1E+10

. 2E+09
.8E+09
.3E+09
.1E+09
.SE+09
.8E+09
.3E+09
.0E+08

VRSN VNS - WWRN K OND W

VMRN SO NOAD VD WWN = MONE W

20

.1E+10
.3E+10
.3E+10
LOE+11
.8E+11
LJE+11
,SE+11
LALE+11
.9E+11
.4E+10
.BE+10
.3E+09
.1E+09
.3E+09
.SE+09
L4E+09
.7E+09
. 2E+09
.TE+08

20

.3E+10
.5E+10
.6E+10
.1E+11
.9E+11
.8E+11
LBE+11
GE+1L
.9E+11
.3E+10
.1E+10
.8E+09
.7E+08
.1E+09
.1E+09
. 2E+09
.7E+09
.3E+09
.8E+08

VMR SN VRN WWR O SW

VWSOV, UVMHD WL NS W

July

30

.1E+10
.3E+10
.4E+10
.1E+11
.7E+11
.5E+11
LGE+11
L4E+11
.OE+11
.9E+10
.7E+10
.1E+09
.3E+09
.2E+09
.3E+09
.3E+09
.6E+09
.1E+09
.SE+08

40

3.0E+10
4.2E+10
6.4E+10
1.1E+11
1.6E+11
2.3E+11
3.1E+11
3.2E+11
2.0E+11
5.5E+10
1.3E+10
4.BE+09
4 .9E+09
6.3E+09
7.1E+09
6.0E+09
4 . LE+09
2.0E+09
5.3E+08

August

30

.3E+10
.6E+10
.7E+10
.1E+11
.8E+11
.6E+11
.SE+11
L4E+11
.9E+11
.7E+10
.9E+10
.SE+0%
.6E+09
.1E+09
.0E+09
.1E+09
.7E+09
.2E+09
.SE+08

40

3.3E+10
4.5E+10
6.7E+10
1.1E+11
1.7E+11
2.4E+11
3.2E+11
3.2E+11
2.0E+11
5.2E+10
1.4E+10
5.8E:C9
4.8E+09
6.1E+09
6.9E+09
5.9E+09
4. 4E+09
2.0E+09
5.1E+08

EEP VOOV ES VR WRRNN O W

PR POUNOLMERANWNRRDEFEFOARN

50

.9E+10
.1E+10
.2E+10
.OE+11
.SE+11
L1E+11
.8E+11
LOE+11
LOE+11
.OE+10
.9E+09
.8E+09
.2E+09

6E+09

.2E+09
.9E+09
.OE+09
.8E+09
.9E+08

50

.1E+10
LLE+10
.5E+10
L1E+11
.6E+11
L2E+11
.9E+11
.OE+11
.OE+11
.5E+10
.OE+10
.7E+09
. 2E+09
. 2E+09
.8E+09
.7E+09
.1E+09
.8E+09
.6E+08

S LWUSNSNVMEUVOORNNNRN - HOWNMWR

EF WU ESNUVNNNRNE O W

60

.7E+10
.9E+10
.9E+10
.7E+10
JAHE+11
.SE+11
.SE+11
.8E+11
.OE+11
.5E+10
. 6E+09
. 2E+09
.3E+09
. 1E+09
.2E+09
.6E+09
.6E+09
.6E+09
.3E+08

60

.OE+10

1E+10

.2E+10
.OE+11
.SE+11
.DE+11
.7E+11

9E+11

L0E+11
.9E+10
.OE+09
4E+09
.SE+09
.6E+09
.8E+09
.5E+09
. 7E+09
.6E+09
.OE+08

WHWWMSNSNWVME S NN WU

WHEHWWMOASNWVBWEOVANDNNN S OW0nWRN

70

.6E+10
.6E+10
.5E+10
.OE+10
LIE+11
.7E+11
LAE+1]
L7E+11
.1E+11
L4E+10
.6E+09
.1E+09
. 8E+09
.5E+09
.1E+09
.2E+09
.3E+09
.4E+09
.6E+08

70

.8E+10
.9E+10
L8E+10
.GE+10
L3E+11
L9E+11
.5E+11
L9E+11
.OE+11
.5E+10
.LE+09
.3E+09
.6E+09
.OE+09
.8E+09
. 3E+09

4LE+09

.3E+09
.3E+08

NHNSPONOSSTFONONRNE MDD WR

NMHEWSsOaNOE I PPN VUL

80

.4E+10
L4E+10
.2E+10
.5E+10
.2E+11
.6E+11
.3E+11
L8E+11
.3E+11
.6E+10
.3E+09
. 7E+09
.2E+09
.4E+09
.6E+09
.7E+09
.9E+09
.1E+09
.9E+08

80

.7E+10
.7E+10
.6E+10
.OE+10
.3E+11
.BE+11
.SE+11
.9E+11
.2E+11
.1E+10
.4E+09
.8E+09
.OE+09
.2E+09
. 7E+09
.9E+09
.OE+09
.OE+09
.BE+08



Table 2: continued

Latitude 0
Alt (km)
130 3.BE+10
125 5.1E+10
120 7.4E+10
115 1.2E+1)
110 2.2E+1l
105 3.3E+ll
100 4.0E+11
95 3.6E+11
90 2.0E+11
85 4.0E+10
80 2.1E+10
75 S.5E+09
70 4.3E+09
65 5.BE+0%
60 6.7E+09
55 6.4E+09
50 4.7E+09
45 2.3E+09
40 6.4E+08

Latitude 0
Alt (km)
130 4.2E+10
125 S5.6E+10
120 8.0E+10
115 1.3E+11
110 2.4E+11
105 3.6E+11l
100 4.3E+1l
95 3.9E+1l
90 2.1E+11
85 4.3E+10
80 2.5E+10
75 6.6E+09
70 4 . 4E+09
65 S5.1E+09
60 6.5E+09
55 6.SE+09
50 4.7E+09
45 2.3E+09
40 6.4E+08

O\N“NU\U‘L‘MN“HUUMNH\IMU

10

.8E+10
L1E+410
.3E+10
L2E+11
.1E+11
L2E+11
L9E+11
.6E+11
.9E+11
.1E+10
.0E+10
.6E+09
.6E+09
.8E+09
.6E+09
L2E+12
.8E+09
.3E+09
.JE+08

10

.2E+10
.7E+10
.1E+10
.3E+11
LALE+11
.6E+11
L3E+11
L9E+11
L1E+11
L6E+10
.3E+10
.0E+09
LLE+09
.1E+09
.GE+09
.LE+09
.7E+09
.2E+09
.2E+08

ONN#O\O\U'“U\NL‘D—‘UW\AMH\IU‘W

umbmmobww'bwwbwwwmub

20

.8E+10
.2E+10
.5E+10
.2E+11
L1E+11
L1E+11
L9E+11
.6E+11
.9E+11
.SE+10
.2E+10
. 7E+09
.7E+09
.7E+09
.7E+09
.1E+09
.7E+09
.3E+09
.0E+08

20

L3E+10
.8E+10
.3E+10
L3E+11
.3E+11
.SE+11
J3E+11
L9E+11
.1E+11
.9E+10
.1E+10
.3E+09
.7E+09
.1E+09
.SE+09
.8E+09
.6E+09
. 2E+09
.7E+08

UMbO\O\UbQ‘NL‘NWWNNH\[UU

MN&O\U\U\L‘U‘N&NU“WNH@U‘“

Septeaber

30 40
LBE+10 3.8E+10
.2E+10 5.2E+10
.6E+10 7.6E+10
L2E+11  1.2E+11
L.OE+11 1.9E+11
L9E+11 2.7E+11
.BE+11 3.5E+1l
L6E+11 3.5E+11
.OE+11 2.0E+1l
.7E+10 4.9E+10
L3E+10 8.6E+12
.OE+09 6.0E+0%
.6E+09 2.0E+10
.6E+09 5.5E+09
.5E+09 6.3E+09
.0E+09 5.8E+09
.7E+09 4 _9E+09
.2E+09 2.1E+09
.4LE+08 S5.0E+08

October

30 40
LLE+10 4.4E+10
.9E+10 6.0E+10
.S5E+10 8.6E+10
L3E+11 1.3E+11
.2E+11 2.1E+11
3E+11 3.1E+1l
.2E+11 4.0E+1}
.9E+11 3.8E+1l
L1E+11  2.1E+11
L9E+10 4.9E+10
LLE+10 2.BE+10
.6E+09 7.3E+09
.BE+09 5.1E+09
.OE+09 6.2E+09
.IE+09 6.1E+09
.OE+09 5.9E+09
.6E+09 4 .6E+09
.1E+09 2.0E+09
.1E+08 4 .5E+08

HULJU&‘U“O"“\J‘M(&UND—‘H\IUW

WH‘-‘U’\O\O\U‘NDN&‘NUWMNHWU“‘

50

.7E+10
.OE+10
LGE+10
L2E+11
.8E+11
LSE+11
L3E+11
.3E+11
.OE+11
.1E+10
L9E+10
.1E+09
.9E+09
.3E+05
.0E+08
.8E+08
.7E+08
.OE+08
.6E+08

50

.3E+10
.9E+10
.SE+10
L3E+11
.OE+11
L9E+11
.7E+11
L6E+11
.OE+11
.BE+10
.8E+10
. 7E+09
. 2E+09
.3E+09
.OE+09
.0E+09
.SE+09
.8E+09
,8E+08

WHEUVUGRWLUVULNEFEVLRNWLR RPN RW

UP“'#G\P‘U\\I"‘N&N\AWMP‘P‘WU\D

60

.SE+10
,8E+10
.1E+10
.1E+11
.6E+11
.3E+11
L1E+11
L2E+11
L0E+11
.3E+10
.SE+10
. 7E+09
.4E+09
.7E+09
L4E+09
.S5E+09
.1E+09
.6E+09
.6E+08

60

.1E+10
.7E+10
.2E+10
L3E+11
L9E+11
.7E+11
.5E+11
.SE+11
.OE+11
.7E+10
.6E+10
LGLE+10
.0E+09
.7E+09
.OE+10
.OE+09
.4E+09
.5E+09
.OE+08

NFUO\O‘\JHP‘M“P“UQMHP—'NU‘&\

70

.3E+10
.6E+10
.7E+10
.1E+11
.SE+11
.2E+11
L9E+11
.1E+11
.OE+11
L4LE+10
.S5E+10
.JE+09
.6E+09
.QE+09
.2E+09
LLE+09
.8E+09
.3E+09
. 7E+08

70

.OE+10
LLE+10
.SE+10
.2E+11
.BE+11
.6E+11
LGE+1Y
L3E+11
L9E+11
.SE+10
.3E+10
.6E+10
.OE+10
.3E+09
. 7E+09
.0E+09
.9E+09
.1E+09
.OE+08

H\OUMO\O‘O‘\IHUNUNNHF‘U‘&U

HO‘UJOOOHD—‘HL‘HWUNHP—'\IMU

BO

.2E+10
L4E+10
.SE+10
.OE+11
.5E+11
L1E+11
L9E+11
1E+11
.OE+11
.SE+10
.2E+10
.SE+09
.1E+09
.SE+09
.1E+09
.3E+09
.1E+09
.OE+08
.8E+08

80

.9E+10
.3E+10
.7E+10
L2E+11
.8E+11
.5E+11
L3E+11
L2E+11
.BE+11
.3E+10
.6E+10
.SE+10
.1E+10
.OE+00
.0E+00
.0E+00
.1E+09
.JE+08
.OE+08
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Table 2: continued
Latitude 0
Alt (ka)
130 4.2E+10 &
125 S5.7E+10 5
120 8.2E+10 8
115 1.3E+11 1
110 2.5E+11 2
105 3.7E+11 3
100 4.5E+11 4
95 4.1E+11 4
90 2.3E+11 2
85 4.6E+10 5
B0 2.BE+10 2
75 6.6E+09 6
70 4. 4E+09 4
65 S5.2E+09 5
60 6.8E+09 6
55 6.6E+09 6
50 4.7E+09 4
45 2.2E+09 2
40 6.3E+08 5
Latitude ]
Alt (km)
130 3.9E+10 4
125 5.4E+10 5
120 7.8E+10 8
115 1.3E+11 1
110 2.4E+11 2
105 3.6E+11 3
100 4.4E+11 4
95 4. 1E+11 &
90 2.3E+11 2
85 4.8E+10 5
80 2.3E+10 2
75 S5.8E+09 5
70 4 .6E+09 4
65 5.9E+09 5
60 7.4E+09 7
55 6.9E+09 6
50 4.8E+09 4
45 2.2E+09 2
40 6.0E+08 5

10

.3E+10
.8E+10
L4E+10
LGE+]]
.5E+11
. 7E+11
.5E+11
.1E+11
.3E+11
.0E+10
.9E+10
.5E+09
.3E+09
.3E+09
.7E+09
.5E+09
.5E+09
.1E+09
.BE+08

10

.1E+10
.BE+10
.0E+10
.3E+11
L4E+11
.7E+11
.SE+11
L2E+11
J3E+11
.2E+10
LGE+10
.9E+09
.4E+09
.8E+09
.2E+09
.7E+09
.6E+09
.1E+09
.SE+08

LRSSt uvouvmdboopVNDES LMD OES

VOOV UVLR DS WO~ WS

20

.SE+10
.1E+10
.7E+10
JGLE+1]
LGE+11
.7E+11
.6E+11
L2E+11
.3E+11
.3E+10
.6E+08
.8E+09
.5E+09
.9E+09

3E+09

.9E+09
.1E+09
.0E+09
.3E+08

20

.3E+10
.9E+10
J4E+10
.3E+11
LGE+Y)
L6E+11
.6E+11
L2E+11
L3E+11
.SE+10
.SE+10
.8E+09

7E+09

.8E+09
.9E+09
. 2E+09
.3E+09
.9E+09
.0E+08

EH SV VOV D W~ oo

SRRV WO

November

30 40
.6E+10 4.7E+10
.3E+10 6.4E+10
.OE+10 9.2E+10
L4E+11 1.4E+11
4LE+11  2.3E+11
.SE+11 3.4E+11
CSE411 4.3E+1)
1E+11 4,0E+11
L2E+11 2.2E+11
.2E+10 5.0E+10
.9E+10 3,2E+10
.3E+09 9.9E+09
.3E+09 6.1E+09
.6E+09 6.9E+09
.5E+09 6.2E+09
.1E+09 6.1E+09
.S5E+09 4 _4E+09
.0E+09 1.9E+09
.7E+08 3.9E+08

December

30 40
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NUMERICAL SIMULATIONS OF THE SEASONAL/LATITUDINAL VARIATIONS
OF ATOMIC OXYGEN AND NITRIC OXIDE IN THE LOWER THERMOSPHERE AND MESOSPHERE

D. Rees and T. J, Fuller-Rowell

Department of Physics and Astronomy, University College London
Gower Street, London WCIE 6BT, United Kingdom

ABSTRACT

A 2-Dimensional zonslly-averaged thermospheric model and the global UCL thermospheric model
have besn used to investigate the seasonal, solsr activity and geomagnetic variation of
atomic oxygean and nitric oxide. The 2-Dimenaional modsl 1includes detailed oxygen and
nitrogen chemistry, wvith sppropriate completion of the snergy equation, by adding che
thermal infrared cooling by [0] and [NOJ. This solution includes solsr and asuroral
production of odd nitrogen compounds and metastable spscies. This model has been used for
three investigations: firstly, to study the interactions between atmospheric dynsmics and
minor species transport and density, secondly, to examine the seasonal varietions of atomlc
oxygen and nitric oxide within the upper mesosphere and thermosphsre and thelr response to
solsr and geomagnetic activity variations; thirdly, to study the factor of 7 - 8 peak nitric
oxide density increase as solar Fj5 y cm flux increases from 70 to 240 reported from the
Solar Mesospheric Explorer. Auroral production of [NO] is shown to bs the dominant source
at high lstitudes, generating peak [NO) densities a factor of 10 greater than typical number
densities at lov latitudos. At lov latitudes, the predicted variacion of the peak [NO]
density, near 110 km, wvith the solsx P1°.7 em flux is rather smaller than is observed. This
i3 most likely due to an overestimate of the soft X-ray flux st lov solar sctivity, for
times of extremely lov sunspot number, as occurred in June 1986. As observed on pressure
levels, the variation of [O] density is small. The global circulation during solstice and
psriods of elsvated geomsgnetic activity causes depletion of [0) in regions of upwelling
and enhancements in regions of downwelling.

DUCTION.

This paper provides a brief review of some tvo and threa-dimensional model studies of the
inter-relationships betwveen the major snd minor species of the lower thermosphere and upper
mesosphere. Several timely questions are addressed by the model simulations. The data from
the Solar Mesospheric Explorer (SHE /1/) show a factor of about 7 - 8 variation of pesk low-
latitude number density asz the solar Fyg ; cm flux increases from 70 to 240 units, compared
with a variation of spproximately a factor of 4 found {n previous numerical studies 72/
The degres of possible varisbilicy of atomic oxygen number densities in the lower
thermosphere and upper mesosphore consistent with major mateorological, sessonal and
geomagneric variability of the stmosphere is &lso of interest. Previocus studies (for
example s special issue of Planetary and Space Science, 1988) have shown up to a factor of
at least 100 variability in the density ~f atomic oxygen st and belov the peak density of
the specles, normally observed around 105 ka.

GER DE; C N

Atomic oxygen 13 created by the photodissociation of molecular oxygen within the
thermosphere. Having approximately half the aoleculsr mass of 0, and N,, its scale height
is double thet of O, and N, for the same temperature. Since reco-blnltion is very slowv ot
middle and upper thermospheric densities and collision rates and {f diffusive equilibrium
prevails, {0) becomes ths major constituent above around 150 km /3,4,5,6/. Civen tha long
recombination time, the species can be transported globally by mean winds. VWhen large-scale
upwelling and advection occurs, particularly at solstice, and also sssociated with the
intense large-scale heating during geomagnatic atorms, diffusive equilibrium no longer fully
controls the vertical profiles of ([0] and 1“2' 02]. Under such conditlons /7,8/, the
process known as vind-driven diffusion may cause large relative departures of individual
light or heavy apacies from diffusive equilibrium, although hydrostatic equilibrium will
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still be generally observed. Relative to density valuas which would be sxpected for tha
appropriete kinatic temperaturs, N, 1is strongly enhsnced in regions of persistent upwelling
and outflow, vhere atomic oxygen is strongly depleted. In regions of persistent convergencs
and downwelling, the converss iz true. The major direct consequences are an excass of
solecular nitrogen at the summer pole, particularly at times of high geomagnetic activity,
wvhils the winter pole (at quist times) snd winter mid-latitudes (under more disturbed
conditions) containz the highest densities of atomic oxygen snd helium.

Thess perturbations of minor species density extend to lover thermosphere altlitudes, and
wind-driven diffusion is one significant cause of varisbility of stomic oxygen in the lower
thermosphere. Eddy diffusion can also cause vertical transport of minor species, and can
changs the vertical profile of stomic oxygen and other minor constituentcs /8/.

Nitric K Oxide is primarily created through the reaction of the atomic nitrogen specles N(2D)
and N("S) with molecular oxygen /3,9/. N(“D) and N('S) are produced by auroral dissoclation
/10/, by photodissociation /11/ and varfous ion chemical reactions involving Nz’ /12/.

Although nitric oxids 1s chemically and radiatively active, its chemical liferime in the

lover ‘thermosphers 1s long snough for wind transport to be impoytanc. Icts diffusion into
the mesosphere 1is slso {mporcant, and it has been showvn /13/ that in the winter polar
stratosphere, it slso has a long effective lifecime in non-suniit regions. Increascd

production, at times of high solar sctivity, or essociated vith enhanced suroral production
during geomagneric storms, may cresate very large lower thermospheric densities of [NO].
Given enhanced verticsl transport dus to turbulence, this may result {n large [NO) densicies
in the mesosphere and even in the upper stratosphere at winter high-lactitudes, where there
is no solar photodestruction of nitric oxide. There are a number of major consequences of
such enhsncements, affecting the chemical and radifative balance of the mesosphere and
thersosphere, and properties of the ilonosphers.

THE NUMERICAL MODEL.

The three-dimensional stmospheric model has been well-described in a number of papers,
including Fuller-Rowell and Kees /14,15/ and Puller-Rowell et al /16/. The zonally-averaged
nodel svolved from the nested grid model of Fuller-Rowell /17/ and s further described in
Reas and Fuller-Rowell /8/.

The seasonal, latitudinal and solar activity variacions of atomic oxygen density will be
considered, as will the response to variable geomagnetic forcing at high geomagnetic
laticude. Large-scale Hadley-type circulation cells are generated within the thermosphere,
closing in the upper mesosphere, as the result of the solar diurnal heating variation, the
seasonal / heatispheric asymmetry of solar heating, and due to geomagnetic heating, usually
at high lactitudes. These large-scale circuleation systems force a partial breakdown of
diffusive equilibrium as the result of the combination of vertical convection and horizontal
advection. The full 3-dimensional globasl coupled ionosphers - thermosphere UCL model will
be used for these sf{mulations /14,15,16/.

A second series of simulations uses the zonally-aversged 2-dimensional model. Nitric oxide
snd other 'odd nitrogen’ compounds are i{ncluded as minor specifes. With this model, {t {is
possible to examine, in sdditlon, the sessonal, latitudinal, solar activity and geomagnetic
respnnss of [NO}. It is also possible to evaluarte the transport and thermal effects of
variable addy cturbulence within the lower thermosphere and upper mesosphere. The model
takes into sccount the thermal radiation from nitric oxide, vhich has very important effects
on the thermal balance, and consequences for the mean circulation.

The tvo-d{mensional, zonally-averaged model of the thermosphere asolves the non-linear
energy, momentum, continuity and three-constituent composition equation self-conslsctently
and time-dependently. The finite-difference grid covers the latitude renge from the north
to the south geographic pole in steps of 59 latitude, and the seventeen pressure levels, one
scale height apart, cover altitudes from 70km to approximately 500km, depending on solar
activity. The model has been adapted from the high-resolurion, nested-grid model of Fuller-
Rowsll /17/, which contsins a complete description of the numerical procedurs, the set of
equations, boundary conditions and parsmeterisstion required to simulate the thermospheric
neutrsl wvind, temperature and densicty. The same paper also describes tha photochemistry,
and the dissociation snd recombinatlon rate constants included in the computation of the
nass mixing ratio of the major spscies of atomic oxygen, and of molecular nitrogen and
oxygen.

A furih.r ldzition has been made to the model to include the production, loss and transport
of N(“D), N('S), and NO (Nitvic Oxide). The evolution of the concentrations of these minor
species are computed self-consistently (n parallel with the development of ths structuru

dynanics and energy budget of the wajor species. The creation of_ nitrlc oxide occurs through
the odd-nitrogen chemistry primarily through the reactions of N(‘D) and N(4>) with molecular



oxygen. The N(?D) and N(“S) are produced by ion chemical reactions involving Nz', and by
direct dissociation of N, by suroral particles /10/ or solar radiation /13/. The odd-
nitrogen chemistry, branching rstios, and rate coefficients, included in the model sre as
described in Roble et al /2/.

All three productjon lourcaz of atomic nitrogen are included in the zonally sveraged model.
The sources of N(“D) and N('S) through the ion chemical reactions are evaluated vithin the
UCL-Sheffield coupled thermosphere-ionosphers modsl. The reference spectrs appropriate for
high and lov solsr activity, together with the fonisation frequancies of the major species,
ars taken from Torr at al /18/. The solar production function thus produced i3 used within
the zonally averaged code, whera solution of the odd nitrogen chemistry and transport
proceeds in parallel vith that of the dynamics, snergy budget and composition of the msjor
species.

The particle precipitation source is derived from the TIROS/NOAA satellite dats /19/ and is
used to describe the high-latitude suroral heating rate, lonization rate, and molecular
nitrogen dissoctation /10/, self-consistently vwithin the model. The direct particle heating
acts in addition to the Joule dissipation vhich together modify the global circulation
psttarn, The circulstion, which transports and mixes the msjor species and 1is described
fully in Fullsr-Rovell /17/, also acts as a source of traniport to the minor specles. Tha
discribution of nitric oxids, a3 a strong radiacive cooler /9/, has a strong influsnce on
the latitudinal temperature gradient, and on the global mean thermospheric temperature s

has been shown by Roble and Emery /20/. The latftudinal distribution of temperature end NO,
and the global circulation pattern, is a highly coupled and interacting system of variables.

The auroral precipitation slso produces lonization which enhances the fion densities abave
the quiet background levels described by Chiu /21/. This addirionsl source of lonization has
been included, where the aurorsl enhancement {s assumed to be in chemical equilibrium, and
is added to the background solar-produced values of Chiu /21/ by the square root of the sum
of the squares. This is a less sophisticated approach than is used in the 3-D fully-coupled
ionosphere - thermosphere model, but produces an overall result vhich is adequate for the
purposes of these 2-D simulations, where we are not yet concerned vith the details of the
fonospheric predictions.

RESULTS OF THE SIMULATIONS.
Clobal distributions with sesasonal, latritudinal and geomagnetic variations.

Figure 1 shows the global distribucions of tempersture, mean molecular mass, atomic oxygen
density and moleculsar nitrogen densi{ty st pressure level 7 (125 xm) of the UCL three-
dimensional, time-dependent model (E-Reglon, approximately 125 km}. The seasonal /
latitudinal variation of stomic oxygen density shows a very distinct minimum at the summer
pole, and a maximum at the winter pole. For moderately active solar (F10,7 - 185), and
quiet geomagnetic activity conditions, there is a factor-of more than 2 variation of E-
reglon atonic oxygen density from globsl minimum to global maximum. This simulation
includes the effect of lover atmosphere tides introduced via lover boundary foreing /22/.

Figure 2 shovs the global distributions of temperature, mean molecular mass, stomic oxygen
density and moleculsr nitrogen donsity at pressure level 12 of the UCL threc-dimensionol,
time-dependent model (F-Region, spproximately 320 km). There is a very large sessonal /
latitudinal varistion of atomic oxygen density. The minimum oxygen density is st the summer
pole, hovever, the maximum values sre displaced from the winter pole, tovards high winter
mid-latitudes, as a result of high-latitude energy input. This simulstion is for moderstely
active solar (Fy45 9 = 185), and moderately disturbed geomagnetic activicy conditfons (Kp =
3). Atomic oxygen number density varles by more than a faccor of & from global minimum to
global maximum, consistent with empirical model results /l6/.

Figure 3 shows the global distribucrions of temperature, mean molecular mass, stomic oxygen
density and molecular nitrogen density at pressure level 7 of the UCL three-dimensional,
time-dependent model (E-Reglon, approximately 125 km) taken from the same simulation ss that
shown in Figure 2. It shows that a similar, if somevhat smaller seasonal / latitudinal
varistion of atomic oxygen density occurs st the lowver sltitudes. The minimum oxygen
density is again at the summer pole and, as at F-region altitudes, the maximum values are
displaced from the winter pols, towards high vinter mid-latitudes, es a resulc of high-
latitude energy Linput. Thers 1s a surprisingly large varistion of atomic oxygen density
from globsl minimum to global maximum, sbout a factor of 5, resulting from the seasonal
asymmstry of solar insolation, combined with the high-latitude geomagnetic energy input.
This factor of 5 atomic oxygen density variacion at~125 km alrirude greatly excesds the
latitudinal / seasonal total density variacfon,. It {3 necessary to
recal) that the majority of species density profiles are measured with sole reference to
geometric altitude, and no rsference to pressure lavel or to total gas density.
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Latitudinal distributions for equinox and variations with solar and geomagnetic activiry.

FPigurs 4 shovs variations of stmospheric structure and composition as a function of altitude
and lstitude simulated using the two-dimensional, time-dependent model. Panel A shows the
density distributions of atomic oxygen, nitric oxide, molecular oxygen and wmolecular
nitrogen. Panel B shows Tamperature, MHeridional and vartical neutral wvind, and mean
molecular mass. Panel C displays nitric oxide density discriburion from 100 to 160 km, for
comparison vith the results obtained from SME /1/. The conditions depicted are equinox, lov
solar (Fyg 7 m = 80) and lov geomagnetic (Xp = 1) activity. There is a weak latitudinal
variation ol atomic oxygen density, csussd by the high-latitude geomagnecic energy inputs.
Nitric oxide density is structured by two peaks, one at lov-latitudes, due to solar
production, and the other in the suroral oval, resulting from aurorsl particle dissociation.

Figure 5 shows varlations of atmospheric structure snd composition as s function of sltictude
and latitude simulated using the two-dimensional, time-depsndent model. The displays are as
for Figure 4. The conditions simulated are lov solar (P1°.7 ce = 80) and moderate
geomagnetic activicy (Xp = 3), at aquinox. There is novw a small latitudinsl varistion of
atomic oxygen density, with decressed density in regions of increased high-latitude
geomagnetic energy inputs. The major featura in nitric oxide density is the enhanced high-
latitude peaks, resulting from increased auroral production. There {3 a ratio of about 4:1
betwveen low-laritude and high latitude valuss of nitrie oxide.

Figure 6 shows variations of atmospheric structure and composition as a function of sltitude
and latitude simulated using the tvo-dimensional, time-dependent model. The displays sre as
for Figure 4. The conditions which sre simulated are lov solar (Fy45 5 cm = 80) and high
geomagnetic accivicy (Kp ~5), st equinox. The latitudinal variatlon f{s further enhanced
Atomic oxygen is further depleted, and molecular nitrogen further enhanced, in those reglons
which correspond to the enhanced auroral energy and particle inputs. Nitric oxide densities
vary by an order of magnitude from low to high latfrudes. The broad latitude extension of
elevated nitric oxide densities correspond mainly to the extended regions of energetic
particle precipitation described by the statistical models of ensrgetic electron
precipitation. Marked changes of nitric oxide extend to the lower altitude limits (70 km)
of the model, while significant changes of astomic oxygen density extend below 86 ¥m. These
low-altitude disturbances are primarily dus to intense geomagnatic enargy inputs wvithin the
auroral oval.

Figure 7 shows variations of atmospheric structure and composition as a function of sltitude
and latitude sizulated using the tvo-dimensional, time-dependent model. The displays are as
for Figure 4. The conditions which are simulated are high solar activity (F)g ; cm = 200),
and lov geomagnetic activity (Xp = 2) at equinox. There are considerable enhancements of
molscular nitrogen, wmolecular oxygen and nitric oxide densities and a marked decrease of
atomic oxygen density within both auroral ovals. At this high level of solar activity, the
low latitude values of nitric oxide density sre considerably increased, by about a fsctor of
4, compared with those for low solar activity (F10.7 cm = 80). This factor s smaller than
the factor of 7 - 8 reported for the sams Tange of solar sctivity by Barth /1/. This
spparent discrepancy will be discussed {n the folloving section. Even st high sclar
activity, the low latitude values remain belov the peak auroral oval values, except for very
quiet geomagnetic conditions, Kp = 1 or lower. This indicates that except for prolonged
periods of geomagnetic quiet during periods of high solsr radioc and UV / EUV fluxes, high
latitude peaks, corresponding to enhanced suroral production, will scill be a distinctive
feature of the global distribution of nitric oxide.

Latitudinal distributions for solstice.

Figure B shows variations of atmospheric structure and composition as s function of altitude
and latituds simulated using the two-dimensional, time-dependent model. The displays are as
for Figure 4. The conditions which are simulated are moderately high solar aceivity (Fyg 7
em = 150), snd lov geomagnetic activity (Kp = 2) at the December solstice. A significant
seasonal / lacitudinal asymmetry develops in the distribucion of all constituents. There is
a large summer high latitude anhancement of molecular nitrogen and of nitric oxide, and
depletion of stomic oxygen. For nitric oxide, there i3 approximately a factor of 50 1
summar high latitude enhancement, the cowmbination of solar and auroral production. For
atomic oxygen and molecular nitrogen, the behaviour in the summer and winter hemispheres is
quite opposite, due to the influencs of globsl, pole to pole circulstion. For nitric oxide,
there i3 still an enhancement in the winter suroral oval, as well as the rather larger
enhancement in the summer auroral oval.

DISCUSSION.

Atomic oxygen in the upper thermosphere shows large seasonal / latitudinal variations in
response to asymmetric solar insolation. Such variations have been well known for many
years, and have nov been successfully simulated by theoretical snd numerical modelling.
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Figure 4. Variations of atmospheric structure and composition as a function of altitude and
latitude, simulated using the UCL tws-dimensional, time-dependent model. Panel A
shows the density distributions of atomic oxygen, nitric oxide, molecular oxygen and
molecular nitrogen. Panel B shows temperature, meridional and vertical neutral wind, and
mean molecular mass. The conditions depicted are equinox, low solar (F;q 7 cm = 80) and
low geomagnetic activity (Kp = 1). Panel C depicts the distribution of nitric oxide between
100 and 160 km, for direct comparison with the data from SME.
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latitude simulated using the two-dimensional, time-dependent model. The display is as for
Figure 4. The conditions simulated are low solar (Fjg 7 cm = 80) and moderate
geomagnetic activity (Kp = 3) at equinox.
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Figure 6. Variations of atmospheric structure and composition as a function of altitude and
latitude simulated using the two-dimensional, ime-dependent model. The display is as for
Figure 4. The conditions which are simulated are low solar (Fjp7 cm = 80) and
moderately high geomagnertic activity (Kp = 5) at equinox.
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Figure 8. Variations of atmospheric structure and composition as a function of altitude and
latitude simulated using the two-dimensional, time-dependent model. The display is as for
Figure 4. The conditions depicted are moderately high solar activity (F;q 7 cm = 150) and
low geomagnetic activity (Kp = 2) at the December solstice.



PRESSURE LEVEL

PRESSURE LEVEL

S

17

TEMPERATURE

MEAN MOL WT

/"—/_-
M

e ——— =

e A0 N

_—

S —Y 1 , =

r 4 0+ e

] 7 ]

L o o F ]
187 169 .. 1 ) ! ;

[ 30 60 90 120 150 180 c 30 €0 90 120 150 180

CO-LATITUDE

OUTHWARD WIND

Y

Q AR}
,\/9 07‘
~— O—‘ °
/h ? [o)
Sy "
00 1 5 I
;
- oo—1 * ©
00 — Ty
PR S Gy S S d ., Car vl 1
o 3 60 20 12C 150 180 < 0 (=] €K 170 150 180

CO-LATITUDE

CO-LATITUDE

Figure 8B.

175



176

160.

150.

5N
©

ALTITUDE (KM)
83

110. }

NITRIC OXIDE DENSITY (CM-3)
DECEMBER, F10.7=150, LEVEL=5 (KP 2)

N

6% D
L —\\

60. 30 0. 30, —60. -90.
LATITUDE

07 10 DSDOOOE +D8 CONIOUR wi{kva OF 0 30000( +Q7PI(3.3}= 0 16138( +OMAMLS SCALD BY O VODOOK -0+

Figure 8C.



177

¥ind-driven diffusion /23/ caused by systematic upwelling over the summer pole, dovnvelling
near the winter pole, vith an {nterconnecting mean meridionsl flov of the order of 50 m/sec,
partly overcomss diffusiva equilibrium within the thermosphers. This causes the enhancement
of heavy atomic and molecular species rslative to light stomic species in the summer polar
reglon and the converss in the reglon of downwvelling near the winter pole.

At highsr levels of geomagnetic activity, the wind-driven diffusion process is enhanced,
causing a further enrichment of heavy and molscular species in the summer geomsgnetic polar
cap, where the strongest combined solar and geomagnatic heating occurs. At such times, the
1stitudinal variations of the atomic oxygen mixing ratio in the upper ctharmosphere bLecome
both larger and more complex, particularly at the solstice. Using coupled lonosphere -
tharmosphers models, the structures observed during major disturbsnces can be rveasonably
vell simulated, and related to the locally-enhanced heating and upvelling caused, {n the
polar regions, by enhanced {on-neutral coupling (lon drag / frictional / Joule heating)
resulting from the enhancement of E-reglon plasma densities by particle precipitation.

Under disturbed geomagnstic conditions at solstice, there can be a factor of 10 lstitude
variation in atomic oxygen concentration st the same F-reglon altitude (300 km). Even at E-
reglon altitudes (around 125 im), & factor of 5 variation can occur. In both cases,
minimus {0] values are vithin the summer geomsgnetic polar cap, while waximum (O] values are
at high wvinter mid-latitudes, equatorvard of the suroral oval.

It {s clesr from the figures that the dominant influence on global {NO] production is from
the suroral dissociation of N, at high latitudes. For all but the most quier geomagnstic
condicions, the high latitude peak NO number density i3 considerably greater than values
observed at equatorial latitudes. At low latitudes, however, a large variation over the
solar cycle has been observed /1/. This is a direct result of the solar cycle-relared flux
fncrease in the wavelength range up to 100 nm.

The solar production of N(ZD) and (N“S), the precursors of [NO), occurs primarily through
the lon chemical reactions, particularly Nz’ with neutral oxygen. A small additional source
has also been idencified by Richards et al /1y, namely the predissocistion of N, in the
vavelength range B0 - 100 nm. The peak [NO] density, near 105 km, is strongly controlled at

lov latitudes by the strength of the solar lonising flux sble to penetrate to these levels.
The wavelength region of most interest therefore, {s the 1 - 14 nm soft X-ray flux.

The present simulations have used the solar fluxes and lonisation frequencies of the major
species described by Torr et al /18/. The refersnce spectrum for lov solar activicy is from
rocket-borne measurements in April 1974, when the F10. cm radio flux vas about 70 units.
For high solar sctivicy, the period in June 1979 wvas used, when the F10.7 ca flux was in
excess of 240 units. Using these reference spectra to define the range of solar flux in the
zodel, the peak low-lstitude [NO] density around 110 km varied from 0.8 w 106 cm-3 at lov
solar activity, to 3 * 106 cm-3 at high solsr activity. The {NO] values differ from the
observations of Barth /1/ over the last solar cycle. He reported a variation of a factor of
7 - 8 for the ratio of pesk equatorial {KO] from high te jow solar activity. The only
fundamental difference vith the present results is that the model appears to underestimate
the winiwus values by n factor of 2, and hence undersstimates the ratio of equatorial [NO)
density from high to lov solar activity.

ne sust plsusible explanation is that the soft X-ray flux was actually lowver during rhe
last solar cycle minimum in June 1986, cthan in the April 1974 minimua period, when direct
solar EUV radiance measurements were available. Although the F;q4 5 cm radio flux vas
similar during the two periods, the sunspot numbers differed considerably. In April 1974,
the sunspot number was 40, in 1986, the minimum value vas 1 during June, snd the 1986
avarage only l4. In view of the strong correlation of the E-region critical frequency with
the Zurich sunspot number, a direct relationship between |NO) density and the soft X-ray
flux appesars the most likely explanation. The Fy4 5 Cm radio index {s thus not a
particularly good indicator of [NO) equatorial density, and am index related to sunspot
number might provide a better key for prediction.

Ve have previously shown /8/ that increased eddy turbulence csuses enhanced dowvnward
transport of nitric oxide from the upper thermosphere to the mesosphers. Tha number density
of nitric oxide 1s incrsased in the lover tharmosphere, at thes mesopause, and in the upper

wmesosphere by more than a factor of 10 by enhanced values of eddy turbulence (within
published values).

The dominant conssquence of the enhanced downward transport of nitric oxide is strong
masopauss cooling in the vicinity of the region of enhanced eddy diffusion cosfficient. The
cooling is dus to incressed I.R. radiation from regions of elevated nitric oxide density.
There is s change in the wmean meridional wind and flov tovards regions of increased eddy
turbulence, vhich causes a complex sequence of inter-related effects.
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If eddy turbulence 13 incressed systematically on a large scale, for a perf{od of several
days, mesospheric nitric oxide densities increase. This causes, via increased radiascive
cooling, mesopausa cooling of the order of 30 K, in the region of enhanced eddy turbulsnce.
The increased sddy transport also snhances upper mesospheric atomic oxygen densitiss, but
less dramatically than for nitric oxids, since atomic oxygen is removed rathar rapidly belov
about 95 to 100 km.

SUMMARY .

In this study, ve have attempted to use the numerical models to study the range of
varisbilicty of atomic oxygen snd nitric oxide wvhich wight be expected to occur as the result
of .four fundamental processes of change affecting the lowver and upper thermosphere.

(1) Seasonal / latitudinal vartations.

The effect of global convection and advection induced by asymmetric solar isclacion near
solstice causes a sctrong latitudinal varfation in the composition of the thermosphere.
Systematic upvelling and outflow near the summer pole, the connecting circulation and
systematic convergence and downwelling towards the winter pole disturb diffusive
equilibrium. The result i3z the enhancement of heavy atomic and molecular specles, a3 vieved
4t constant pressura levels, in the summer polar Tegions, and a complementary enhancement of
light acomic species near the winter polar region (again relati{ve to constant pressure
levels). The effects are well-determined empirically, and the seasonal / latirtudinal

veriation {is further enhsnced by cthe high latitude heating during periods of high
geomagnetic accivicy.

In the summer polar region, the mean molecular mass at pressure level 12 (F-region, around
300 Mm) way Increase to above 24 / 25 amu (high solar activicy, Fl0‘7 - 185, and for
moderately disturbed geomagnetic conditions, Kp - 3t 3). The minimum mean molecular mass
At pragsure level 12 (around 280 km) s nowv at high winter mid-latttudes (rather chan in the
vinter polar region) but still has s value close to 17 amu.

Such compositional disturbances are not confined to the F-region, and even at 125 km,

varistions of a factor of 5 in atomic oxygen density can be generstad at high geomagneric
activity levels.

For nitric oxide, there f{s spproximately a 50 Y modulation in number density caused by
seasonal variations.

Solar Activity variations.

The latfrude variations observed at constant pressure levels in atomic oxygen and molecular
nitrogen caused by seasonal asymmetries of {llumi{nation and heating are only marginally
changed by variations of solar accivity. However, nitric oxlde responds quite dramatically.
The simulated variation of a factor of 4, as solar F10A7 cm' flux {ncreases from 70 to 240,

{3 smaller than the ratio reported from SHE observstions - a factor of 7 - 8. This
difference i{s most likely assoclated with smaller X-ray fluxes during the 1986 solar minimum
than during 1074, the previous solar cycle minimum. During 1986, the sunspot number was

exceptionally low.

Geomagnetic Activity Varlations.

The relatively localised energy inputs assoclated wvith elevated levels of geomagnettc
activity generally decrease atomic oxygen concentrations (when observed on constant pressure

levels). In the summer polar cap, this decrease can be an order of magnitude at F-region
altitudes (around 300 km), and o factor of 5 at E-region altitudes (125 km) . Normalily,
molecular nitrogen densities are elevated ss the atomfc oxygen density decreases. Nieric

oxide gensrally responds quickly and increases Tapldly in response to an incresse of suroral

production, varying by more than one order of magnitude from quiet to dlsturbed geomagnetic
conditions.

Effacts of eddy turbulence transport:

Atomic Oxygen.

Increased eddy turbulence causes enhanced dowvnward transport of atomic oxygen from the upper
thermosphere into the wmesosphere. Whaere eddy turbulence is enhanced, tha mixing ratio of

{0) is {incressed at all altitudes, not only in the vicinity of the mesopause and lower
thermosphere.



Nicric Oxids.

Nitric Oxide 13 readily transported downwvard by enhanced eddy diffusion around and above the
RABOPAUSS . This may enhance radistive cooling of the upper mesosphere caused by nitrie
oxide, vith further signaturss in temperature and vind distribucions.

A combination of ssasonal, solar sctivity and geomsgnetic varistions discussed in this paper
can cause unusual values or profiles of nitric oxide or atomic oxygen within the lover
thermosphere and upper mesosphare. Cenerally, thers should be a correlation or
anticorrslation bstwveen veriations of different major and minor constituent . within the
lover tharmosphers and upper mesosphere, which may also leave a signature in tempersture,
density or vind profiles. Ws have previously shovn that variations in the eddy diffusion

coefficient, can cause a wide range of significant correlated composition, tHermal snd wind
changes.
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